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SUMMARY
A number of complexes of substituted phenolate ions -with 
divalent metals have been prepared. These are of the form 
iiCOH^ClOo? -where H = Go(Tl), Ni(II) or Gu(II); OR = 4~formyl- 
-2-methoxyphenolste, 2-ethoxy-4--formylphenblate, 2-ine tho:ry~4~ 
-nitrophenolate, 2-methyl~4-~nitrophenolate, 2,4-,6-trIchIoro- 
-phenolate or pentachlorophenolate; L = water,pyridine, 
ammonia or HiII*±1»£1 -tetramethylethylenediamine. Some 
compounds possess additional molecules of water.
An attempt has been made to establish the stereochemistry of 
the copper(II) complexes using their solid state electronic 
spectra, most of which fall into one of three categories, 
by comparison to compounds of known structure.
The crystal and molecular structure of two copper complexes, 
namely bis(2-methoxy-4—nitrophenolato)bis(pyridine)copper(II) 
and Bis (4--f ormyl-2-methox;yphenoleto)bis(pyridine )copper(II) 
monohydrate, have been determined by single crystal X-ray methods.
The copper(II) ion has a distorted- six co-ordinate environment 
in both complexes, which are monomeric with the phenolate ions 
bidentate and chelating through the phenolic- and methoxy- 
oxygens.
The solid state electronic spectra of the cobalt(II) and nickel(II) 
complexes are consistent with six co-ordination about the metal . 
ion. However, whereas those of.the nickel(II) complexes are- 
typical of regular octahedral species, the cobalt(II) spectra 
suggest that considerable distortion from regular octahedral 
stereochemistry is present.
Probable structures are proposed .for all the complexes, 
although in some cases there are several possibilities. These 
arise either because some compounds contain additional mole­
cules of water, the bonding role of which is uncertain, or, 
in the case of copper(II), the metal ion stereochemistry is 'in 
doubt.
The behaviour of the three divalent metal ions with these 
ligands is compared and contrasted where appropriate.
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sh shoulder b broad s sharp
RT ' room temperature LT low temperature (90°K)
V 4-±'ormyl--2--methoxyphenolate (vanillinate)
B 2~ethoxy-4-- f ormylphenolate (bourbonalate)
G 2~methoxyphenolste (guaiacola.te)
N h 2-methoxy-4- nitrophenolate (nitroguaiacolate)
NO 2-methyl-4-nitrophenolate (nitrocresolate)
T 2,4,6-trichlorophenolate
P pentachlorophenolete
py pyridine
. i i
lieen - tetramethylethylenediamine
bipy •2,2'-bipyridyl ‘
i it
trezjL 2,2,2 -triaminotriethylamine .
trenile tris (2-dime thylaminoethyl) amine
paphy 1,3~bis(21~pyridyl)~2,3”diaza~1-propene
INTRODUCTION
1:1 Previous Work.
1:1:1 .Substituted Phenols as Ligands.
• Numerous reports of complexes containing ligands such as 
salicylalaehyde and salicylaldimine are to be found in 
■ the literature. These co-ordinate to the central metal 
atom by means of.an ionised phenolic group and a sub - 
stituent in the ortho- position which is known to, be a 
good electron donor. Hence the ligands act as chelates 
unless other forces such as steric hindrance are present. 
However, there is little mention of complexes of phenols 
which have non donors or relatively weak donors in the 
ortho- position. Examples are the. halogeno- and 
2-alkoxy- phenols.
The preparation of bis(2,4,6-tribromophenolato)copper(II)
- -I
was reported as early as 1886 by Purgotti. No more
interest was shown in halogenophenol complexes until
the beginning of the 20th century, when Hunter and 
2co-workers reported the preparation of a number of 
silver(I)'halogenophenolates.
In recent years preparations of numerous bis(halogeno- . 
phenolato)bis(nitrogen-base)copper(II) complexes have
y  Zl 5 ‘ z
been reported. ’ ’ . Blanchard et al  ^prepared complexes, 
in which the nitrogen-base was pyridine but reported no 
structural study. ■ The main interest was the polymeric 
thermal decomposition products which were polyaryl ' 
ethers. Stable compounds could not be isolated with
4
phenols having ‘2,6-dimethyl substituents. Harrod
extended this work to include other nitrogen-bases and
also reported the electronic solution spectra of the
same complexes down to 13 kK. It was shown that the
thermal stability of these compounds was dependent upon
'the nitrogen-base present, and that this was related *
to the James and Williams sequence of redox potentials
.for the Cu(II)/Cu(I) system in the presence of various 
6amines.
5
Independently7', Neunhoeffer and Lange^ prepared and 
characterised a number of bis(halogenophenolato)copper(II) 
and bis(halogenophenolato)bis(nitrogen-base)copper(ir) 
complexes with-pyridine and ammonia. This is the only 
report ofiohophenol complexes. Significantly, they were 
unable to isolate pure complexes of halogenophenols 
which had no ortho- halogen substituent, and the impure 
samples obtained showed the ’characteristic' colours 
of copper(II) in contrast to the brownish compounds 
obtained with phenols having an ortho- halogen substituent. 
Furthermore, these impure complexes did not undergo 
thermal decomposition to give copper(II) halides and 
polyarydL ethers, whereas the others were .shown to de­
compose with loss of some ortho- and some para- halogen. 
From these results they concluded that there was some 
interaction between the ortho- halogen and the copper(II) 
ion.
The literature contains even fewer reports of complexes
7 ~of 2-alkoxyphenols. Cotton and Holm' have prepared • 
bis(2-methoxyphenolato)cobalt(II). On the basis of 
powder magnetic data alone they suggested that the complex 
possesses square planar stereochemistry but did not
• Q Q
indicate the mode of co-ordination. Bullock and Jones w  
reported the preparation and characterisation of a series 
. of hydrated ■ and anhydrous nickel(II) and copper(II) ■ 
2-alkoxyphenolates, and discussed the possibility of 
alkoxy-group co-ordination on the basis of electronic and 
infrared spectral evidence, but concluded that an X-ray 
crystallographic study is needed to provide unambiguous 
proof of structure. ' They were unable to prepare 
complexes either with phenols having no ortho- alkoxy- 
group or with phenols possessing a 2-methyl group.
10Biedermann and Schwarzhans described the preparation of 
a series of nitrogen-base phenolate complexes of cobalt(II) 
and nickel(II) with gueiacol, vanillin and ortho­
vanillin (2-f orinyl-6-methoxyphenol) . On. the basis 
of infrared and n.m.r. evidence they considered that the
'IB
methoxy-group was co-ordinated in the guaiacol and vanillin 
complexes whereas the aldehydic oxygen was co-ordinated 
in the ortho-vanillin complex. The assignment of methoxy-
group co-ordination is open to criticism. Firstly, a
- -1 reduction of 10 cm m  the alkyl-oxygen stretching
frequency in the infrared, relative to the free ligand,
...:;was'. considered . evidence for methoxy-group co-ordination. •
o  ’ •
Bullock and Jonesu described shifts of this magnitude 
as "at best tentative evidence for methoxy-group co­
ordination". Secondly, although Biedermann and 
Schwarzhans claimed that the n.m.r. signal of the 
methoxy-group protons in the vanillinato and guaiacolato 
complexes was 30 - 30 p.p.m. down-field to that in the 
corresponding ortho- vanillinato complexes,. reference 
to their tabulated results reveals that although this 
is approximately the case for nickel(II), the converse 
is true for the cobalt(II) complexes. Clearly, any 
deductions made from these studies should be in comparison 
to compounds of known■structure.
1:1:2 Alkoxy-G-roup Co-ordination.
X-ray crystallographic analysis of a series of alkoxy- •
111^13acetic acid complexes' ’ D has shown the alkoxy-group
to be co-ordinated. As is usual, the gopper-oxygen-
-(methoxy) bond length is longer (2^13 A) than the copper--
-oxygen(acetate) bond length (1.93 A) in diaquobis-
— 11-(methoxyacetato)copper(II), but in the nickel(II)
1 g
analogue the situation is-reversed  ^(pond lengths
of 1.99 and 2.05 ^ respectively). Diaquobis(ethoxyacetato)-
-copper(II) has a copper-oxygen(ethoxy) bond length 
, o. ■
(2.38 A)-which- is significantly longer than the other
12 * copper-oxygen bond lengths of this complex. A
similar situation exists . in bis(methoxyscetato)bis-
1A o(pyridine)copper(II) tetrahydrate, (Cu-Oile 2.36 A,
0
Cu-OCO 1.94 A),-whereas the methoxy-groups of bis(meth~
oxyacetato)tetrakis(imidazole)copper(II) are not involved
16 .   'in co-ordination. .• a rare example of a co-ordinated
methoxy-group.which is bonded to an aromatic nucleus is-
afforded by dibromo-(l-(q-methoxyphenyl)-2,6-diazaoctane)-
Ip
o
-nickel(II)(ITi-OHe 2.32 A). Infrared studies do not
8 16 17distinguish unequivocally co-ordinated.alkoxy-groups. ’ 5
1:2 The Stereochemistries Exhibited by Gobalt(II), Nickel(Il) 
and Copper(II)
1:2:1 Cobalt(II)
' 7Cobalt(II), the only common & ion, is found in four,
five and six co-ordinate environments, of which six
co-ordinate octahedral and four co-ordinate tetrahedral
arrangements are the most frequently encountered,
13although the co-ordination polyhedron may be distorted
Cobalt(II) forms more tetrahedral complexes than any
other transition metal ion. This is probably because
the ligand field stabilisation energies disfavor.r the
tetrahedral configuration relative to the octahedral
7one to a smaller extent for a. high spin d' ion than for 
any other dn (n ^ 1 or- 10) configuration.^
Planar complexes of cobalt(Ii) are exceedingly rare,
and normally occur with tetradentate ligemds having
»
the donor atoms in a planar disposition. IT,IT -Ethylene-20
bis(salicylaldimine)cobalt(II) is probably an example
21as are various porphyrin and pnthalocyanme complexes.
Square planar complexes are possibly formed'with some •
22neutral bidentate ligands as in (Co(en)2)(Ag^^ ’
although there is evidence that the accompanying anions 
are co-ordinated to some degree to give very tetragonally ' 
distorrced structures.
A few ligands give five co-ordinate complexes with 
cobalt(II) ^  All five co-ordinate structures,
show considerable distortion from idealised square 
pyramidal and trigonal bi-pyranidal stereochemistry and. 
it may not be meaningful to distinguish between the two 
distorted structural forms. . •
1:2:2 Nickel(II)
Nickel(II) exhibits similar stereochemistries to those
~ '14-
found for cobalt(II).. However, a six co-ordinate
octahedral .environment is by far the most commonly
occurring in this case, although distortions from
perfectly regular octahedral stereochemistires are if re-'
26 27 28quently found, ’ ‘ ’ normally when non-equivalent ligands 
are present.
Square, four co-ordinate, complexes of nickel(II) are
29 60much more common than tetrahedral complexes, ’
although a number of the latter have been identified in 
61 62recent years. ’ ^ Square planar derivatives are commonly 
orange or red, but purple and green examples are known.
live co-ordination is unusual in nickel(II) complexes^
and is normally only attained in complexes containing
26 24polydentate ligands. ’ or with ligands capable of exten-
66 •sive TT-bonding. . The most common five co-ordinate 
stereochemistry appears to be trigonal bioyramidal,i
although the Schifffs base N,N -ethylenebis(5~chlorosalicyl- 
dimine) is known to give a. complex having square pyramidal 
. stereochemistry.^
Finally, four co-ordinate nickel(II) complexes tend.to
associate or polymerise in solution and to give polymeric
five or six-co-ordinate solids. This tendency is
probably greater with nickel(II) than any other first
row divalent transition metal and accounts for much of
, v 64
the so called anomalous behaviour of-nickel(II). complexes^ . 
2:3 Copper(II)
Copper(II) has been found in two, four, five, six, seven . .
and .eight co-ordinate environments. In fact, present
knowledge of the stereochemistry of copper(II) complexes
is probably more extensive than for any other first-row
65 . •transition metal ion. Hathaway and Billing^ have 
listed fifteen -known stereochemistries and there are 
others.^ Co-ordination numbers four, five and six 
predominate but variations from regular stereochemistries
within these groups occur through bond length or bond 
angle distortion. Co-ordination number two has only been 
observed in the gaseous state and therefore will not be 
discussed further.
Co-ordination number six is probably the most commonly 
occurring with copper(II),.and accounts for seven of the• 
fifteen main stereochemistries listed by Hathaway and Billing 
■However, this was" hot. generally recognised to be the case 
orior to the introduction of the concept of semi-co- 
ordination , many complexes having large tetragonal 
distortions were considered to be formally four co­
ordinate . .
Hathaway and co-workers have discussed in detail
the concepts of semi-co-ordination, varying tetragonal 
distortions, and the evidence for these. These may 
be summarised briefly. In copper(II) complexes the 
tetragonal distortion■(T) may be measured by the ratio 
H /R-, , where R is • the mean bo nd length, for equivalent3 _L S
"in plane" donor atoms and R-^ is the bond length-for
the "axial" ligands, corrected in the case of non -
equivalent axial and in plane ligands. The value
of T has been shown to decrease from unity, for a regular •
octahedral complex, to 0.56 - 0.66 for a square- co-planar
.stereochemistry. However, it is found that a l a r g e -
number of complexes have a value of T that is intermediate
between these extremes. In these complexes the axial
ligands are found at a definite distance of about ° o
0.6 A greater than the in plane copper-ligand bond 
lengths. These axial ligands may be 'weakly bonded to 
the copper(II) ion and this is termed semi-co-ordination,
for which infrared evidence is also available.
Table 1 presents a list of copper(II) complexes with .
some relevant b°nd lengths and values of T..
Co-ordination number four is fairly common for copper(II).
The stereochemistry of these complexes ranges from almost
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square co-planar to slightly compressed tetrahedral.
■Table 2 shows a series of complexes, the stereochemistries
of which cover this range of distortion. The average
44
polar angle, a , is a measure of the distortion.
]?or a regular tetrahedron a = 54044I ana for a square 
plane a = 90°.
Table 2 — Some Four Co-ordinate Co-pper(II) Complexes
CoTyper(II) Gomolex a 0 Reference
Bis(salicylaldiminsto) 90
Bis(N-n-propylsalicylaldiminato) 90
i
-ethylenebis(acetylecetoneiminato) ■ &
i
N,N -('2,2-Biphenyl)bis(salicylaldiminato) 70.5
3is(h-t-butylsa.licylaldiminhto) 70.7
3is(N-isopropylsalicylaldiminato) 68.7
£ - Very slight distortion from .square co-planar
stereochemistry.
Five co-ordinate complexes of copper(II) are much more 
common than was previously -thought to be the case.
As with other co-ordination numbers, .regular stereo- . 
chemistries are rare and five co-ordinate complexes of' 
copper(II) often exhibit a geometry intermediate between
> 52 55the two extremes^ ’ ^ ^  of square pyramidal and trigonal,
bi-pyramidal. Fairly regular trigonal bi-pyramidal 
complexes may be formed when lattice packing forces are 
important as in (GuO’TH^ )^ ) (Ag(SGN)^)
Seven and eight co-ordinate complexes of copper(II) are 
exceedingly rare and for this^reason will not be discussed 
in any detail. Cu(N0-,)o2.53^0^ is an example of a , .
/  s 5 Cseven co-ordinate copper complex and CaGu(Ac0)^6H20^^ 
contains the copper(II) ion is an eight co-ordinate 
environment. Obviously, co-ordination numbers greater 
than six are only found with relatively .simple unhindered 
ligands.
45
46
47
48
49
50
1£>
1:3 Electronic Spectra
This section is concerned with the use of electronic
spectra in the assignment of stereochemistry to complexes,
rather than the detailed interpretation of the spectra.
The electronic structure and stereochemistry of cobslt(II)
'IScomplexes has been reviewed.by Carlin. Similar- •
reviews of nickel(II) and copper(II) complexes have been
SO SS S8published by Sacconi^ and Hathaway jijLJhi respectively.
L\lL
Hush and Hobbs ‘ have discussed in some detail a number 
of' more theoretical studies of the spectra of transition 
metal ions.
It has been shown that substituted nhenolate. ions generate
8weak'ligand fields. The incorporation of two.nitrogen 
donors into complexes containing these ions is unlikely 
to cause an inordinate increase ;in the ligand field 
strength. In view of this the ensuing discussion will 
be restricted to the weak field case.
1:3:1 Cobalt(II)
(a) Six Co-ordinate Complexes
7The correlation diagram for a dk ion in a weak octa­
hedral field is shown in.• Figure 1. Although a. large . 
number of six co-ordinate cobalt(II) complexes are known 
their spectra are not fully understood. Theoretically, 
three srin allowed transitions are -predicted for octa-
L\. /±
hedrally co-ordinated cobalt(II). These are —  '^Ig’
( v ^ ,  ^ p g  ^ 1 g ’ ^  V 2 ^  ’ a n ( i  ■*““  ^ I g ’ ^ v 3 ^ *
many cases two principle regions of absorption are
observed. The first, in the near inf reared region, .
can be assigned to v^, and the second, in the visible
region around 20 kK, to v^ . •
The^A0 «—  Z("T. transition is not always observed2g 1g •
because it is formally a two electron process and for 
this reason should be weaker than the other snin allowed
N j
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Figure 1; Correlation Diagram for a d7 Ion in a 
Weak Octahedral Field
transitions. Therefore the assignment of an observed 
absorption band to v9 should be made with caution.
It can be. shown theoretically^0 that the transition energy 
ratio, v 2/  v^, is almost invariant at 2.1 - 2.2 for high 
spin octahedral cobalt(II) compounds although lower 
values are known. The position of the transition 
can■therefore be readily predicted if is observed.
This is a useful criterion if an observed transition 
is suspected to be v ^ •
The band corresponding to normally shows a considerable
amount of structure, which has been attributed to spin
56 -forbidden transitions. however, other explanations
have been advanced such as spin-orbit coupling and low
symmetry splitting of the T. (P) term.is
The spectra of distorted octahedral cobslt(II) complexes 
are even less well understood than those of fairly
i~n
regular species. In complexes of the type CoI^CbO^)^, ^ ' 
where L is a sterically hindered amine, v ^  is found to 
be more intense than in regular octahedral complexes, 
although tliere is little evidence of any additional 
structure. The band is split into at least two 
components. It has been suggested that these complexes- 
have a cis-distorted- octahedral structure.
Polymeric complexes of the type Col^^ ? where L is a
nonhindered substituted pyridine and X is Cl or Br,
53also exhibit splitting of the band. These
complexes probably have a trans- distorted octahedral
structure with bridging halogen.; However, other
complexes suspected of having a trans- distorted octa-
59hedral structure have been reported-^ which show no 
splitting of v1 ,
The electronic spectra of some representative cobalt(II) 
complexes having octahedral or distorted octahedral 
stereochemistry are given in Table
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7The correlation diagram for a d/ ion in a weak tetra-•
hedral field is simply that in an octahedral field with
4-the states arising from the F term inverted, (Figurel), 
excejot that all states are ungerade. Although three
_'j. Li
spin allowed transitions are expected the HU <—  A^,
(v^), transition is only rarely observed. This is
probably for two reasons. Firstly, it is electronically
forbidden in regular tetrahedral species and therefore
would be exoected to be very weak, and secondly, it
61would be expected to occur in the region 5-5 kK.
The b p w )  ■_ 4A2, ( v 2 ) ,  and ( v ?),
transitions usually apnear in the near infrared region'
62at 4—8 kK and in tne red-yellow part of the visible
region respectively. These bands are usually very
intense, more so than and allow a clear
distinction to be made between tetrahedral and octa-'
hedral cobalt(II). The bands corresponding to vp and
v ■, are broad and often exhibit fine structure. These A 
P
phenomena have been attributed to .a combination of spin- . 
orbit coupling and spin forbidden transitions to doublet
states but low symmetry splitting cannot' be completely
n br - 18 - •ruled out.
A group .of p-diketonate complexes have been shown to
68be, tetrahedral.  ^ Their spectra, are of interest since 
they are uncharacteristic of "typical" tetrahedral 
cobalt(II) species, and show absorption bands of 
relatively low and approximately equal intensity around 
7 kK and 18 kK with a high frequency shoulder on the 
former band at 10-11 kK. It has been suggested that 
the- cobalt-oxygen bonds are essentially ionic.
64-In some lower symmetry tetrahedral complexes the band 
corresponding to. ^ 2 kas been found’to be split into 
three distinct components. It is considered that these 
are distinct electronic transitions to the three components
Zj. . \
of the split T^(E) level. Other ■'low. symmetry, tetra-'
• hedral ■ complexes have been found to give sweet re. which 
 ^ ' upare very similar to regular tetrahedral species.^'
Table 4 gives some examples of tetrahedral and distorted 
tetrahedral cobalt(II) complexes 'with their electronic 
spectra, (kK ).
Table 4
v  ^ v -7 Ref
4.78,5.10 14.3,14.9 62
5.40,5.92 15.75,16.23sh 62
7.00,10.75sh 18.00 63
5.67,6.69,8.28sh 15.13,15.70sh,16.69sh. 64.
5.96,6.91,9.26 • 15.56,15.82sh,16.69 64
Square Planar Complexes
The spectra of rare examples of square cobalt(II) complexes 
20 65~ 66V indicate that this stereochemistry can be '
distinguished from octahedral and tetrahedral. In general 
a narrow band at 8-9 tlC and a second stronger and broader 
band' around 20 kK are observed. These spectra are not 
well understood. ■
Rive Co-ordinate Gomplexes ■
Trigonal bi-pyramidal and square pyramidal complexes will 
be considered under one general heading for two reasons. •
Firstly, as observed in Section 1:2:1, it may not be 
meaningful to distinguish between the two stereochemistries 
because of the distortion exhibited by five co-ordinate
53cobalt(II) complexes. Secondly, IJuetterties and Schunn y - 
have demonstrated that a number of isomeric structures
Complex
(CoCip2-
(Bup)2(CoCl4)
Co(DPH)p
C o(2-Etpy)2^r2 
C o ( 4-Etpy) 2^r2'
may "be drawn for complexes containing non-equivalent 
ligands in both idealised stereochemistries-.. -Symmetry • 
identities exist between a number of these isomers, and 
therefore electronic spectroscopy,'.which relies''-wholly 
upon symmetry arguments, cannot distinguish between the 
different geometries in most cases.
Most five co-ordinate complexes of cobalt(II) give rise 
to four principle bands in the region 4-21 kK, thus' 
enabling a distinction to be made between-co-ordination 
number five and other co-ordination numbers.
This is illustrated in Table 5* ■
Table 5 - The Electronic Spectra of some Five Co-ordinate 
Cobalt(II) Complexes.
Complex . d-d Transitions (kKV Preference
(Co(treniie)Cl)Cl- 5.7,12.5,15.6-16. Ob, 20.0
(Co(trenKe)Br)Br 5.6,12.3,16.2,18.9-19.6 '
Co(paphy)Cl;> 4.5,7.7,12.2,15-75,20.Osh
CoC5-Glsalen-I(G2H5)2)2a 6.7,11.4,16.8
a - Recorded over, the range 6-20 kK .
1:3.12 Nickel(II)
(a) Six Co-ordin?te Complexes
• 8 
The correlation diagram for a d ion in weak octahedral
and tetragonally distorted fields is shown in Figure 2.
Three, spin allowed transitions are expected for octa­
hedral nickel(II) complexes and three bands of comparatively 
low intensity are usually observed, in practice in the 
regions 7-13 NK, 11-20 kK and 19-27 kK. These can be 
assigned to the ^T^ *— , ( v ^ ) ,  ^T^CF) ,
( Vo), and T^. (P) <—  , ( v - , ) ,  transitions respectively.
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Figure 2 ; Correlation Diagram for a d8 Ion in Weak 
Octahedral and Tetragonal Fields
In addition, -two very much, weaker bands are sometimes 
observed which, may be attributed to spin forbidden trans­
itions to singlet states. .. The energy of the v  ^ transition 
gives a reasonable estimate of the magnitude of the ligand 
field splitting, (10 Dq), in the complex. .’When Dq/B 
is near to unity, as is the hexaquo ion, the v^ trans­
ition is frequently observed as a well defined doublet..
Some authors attribute this to an "intensity borrowing"
i 3phenomenal whereby the transition E <— . Ap gains 
* S
intensity through configurational interaction with the
(3P) level, whereas others prefer to interpret the •
69 ‘structure in terms of spin-orbit coupling. .
A large number .of tetregonally distorted octahedral
nickel(II) complexes are known which contain non-equivalent
70"axial" and "in plane" ligands. Lever' has discussed
the theoretical aspects of their spectra in some detail.
All three transitions would be expected to appear as
doublets but in practice the transitions to the two :
highest orbital triplet states in 0^ symmetry often
appear as rather broad bands in the distorted complexes.-.
Resolution into two components is.sometimes obtained,
28 71 72especially at liquid nitrogen temperatures. ’i
The band corresponding to is frequently observed to
be split- Into two components. which may be assigned In'
D^h syinmetry to transitions from the ground state to the
^Bpr and ^E states. However, the spectra of pseudo- 
S S>
octahedral nickel(II) complexes often retain the simple 
form found in 0^ symmetry.
Square Planar Complexes
The electronic spectra of square planar nickel(II) 
complexes are very characteristic of this stereochemistry. 
In general, they exhibit a strong band between 15 and 25* kK 
and in many cases a second more intense band between 23 
and 30 kK. Hence square planar complexes are readily 
distinguished from octahedral, tetrahedral and five
co-ordinate complexes in that they exhibit a complete 
absence of absorption below 10 kK.
Although attempts have been made to assign the bands 
observed in square nickel(II) complexes,^ considerable 
uncertainties remain. There is no unique solution to 
the spectra of these complexes since the relative order 
of the states is dependent upon the ligf?nds present.
(c) Tetrahedral Complexes
8The correlation diagram for a d ion is a weak tetrahedral 
field is simply that of an octahedral field with the 
states arising from the term inverted, (figure 2).
The electronic snectre of tetrahedral nickel(II) complexes 
are very characteristic. They exhibit an intense
multiple band in the region 15-16 kK''which may be assigned 
to the ^T^(P) ^T^, ( v ^ ) ,  transition. The splitting
of this band may be due to spin-orbit coupling or to spin . 
forbidden transitions. In addition, a relatively 
weaker band is observed around 7-8 kK.which may be' assigned 
to the <—  ^ T^, (v^), transition. Occasionally the
^ 2  «—  ^T^, (vfj), transition can be observed at a somewhat 
lower energy. Generally, the electronic spectra of 
•tetrahedral nickel(II) species differ, little from their 
cobalt(II)'analogues. However, the bands of the former 
have been found to be somewhat less intense, ' ’ 7^  
suggesting a higher degree of ionic character. ■
Ivc
(d) Fe**r Co-ordinate Complexes
' Both high and low-spin five co-ordinate derivatives 
of nickel(II) are known. However, since low-spin 
. complexes have never been found with donor atoms of 
the first short period they will not be discussed.
The electronic spectra of the high-spin complexes, 
usually exhibit multiple absorptions in the near infrared 
and red regions- consisting of up to four bands or
components together with a second more intense absorption
in the 20-25 kK'region. Attempts have been made to
interpret these spectra in terms of a point charge .
29 76model with some success. Table 6 contains a few
• illustrative examples of five co-ordinate nickel(II) 
complexes with their spectra.
Table 6
Complex d-d Transitions (kK) Reference
( N i (t r enlie ) C1) C1 7-1,10.7-11.5sh, 14.6 67
20.0sh,23.3
(Ni(treniIe)Br)Br 7»1,10.5*14-.1,20.0sh, 67
22.7
Hi(5-Glsalen-l(G2H5)2)2a- 7.7,9.8,12.8,16.2 23
a - Recorded over the range 6-20 kK
3:3 Copper(II)
Although more crystallographic structural information,
is available for copper(II) than any other first row
transition metal ion, the.electronic spectra of
copper(ll) complexes are probably amongst the least ■ ' " t •
well understood within this group. Rew workers have ’ ■
attempted to correlate electronic properties with, known
structures, although notrable ' efforts have been made in
65 no 46 77 78 79this direction by Hathaway and co-workers. ^’ ‘ ’ w r w  ’' '
These approaches can be approximately divided into two 
categories. The stereochemistries of complexes of 
unknown crystal structure are compared by use of the 
electronic spectra, magnetic moments and e.s.r. spectra.
of polycrys'talline samples with similar complexes of
7^ 77 80 " #known structure’''’ Alternatively, detailed studies
of the single crystal polarised electronic spectra and
els.r. spectra of complexes of known crystal structure
46 78 81are undertaken.^ ’ ’ It is the former approach which
is of the.most' interest in this work, although the latter 
often permits assignment of the observed bands*
82 - nchenzie has criticised some of the work of Hathaway
et all mainly on the grounds that exaggerated claims have
been made concerning the relationship between band
■positions, band shape and the copper(II) ion environment.
Q V  OVj. oc,
■ ’ VV Unfortunately, although'McKenzie's criticism 
is justified at least in part, he chose to illustrate 
his argument.'with a series of complexes of unknown structure 
containing very bulky, polydentate, nitrogen-donor ligands. 
Hathaway^0 has pointed out that the ligands are of a 
facultative nature, and also mentioned that e.s.r. data, 
which can give the electronic ground state and hence 
the stereochemistry, were not included. Hathaway 
goes on to briefly review the deductions which can be 
drawn from various physical measurements on polycrystalline 
samples of unknown crystal structure.
The configuration gives rise to only one free ion
2 ' term, D, which is tenfold degenerate in spin and orbit..
Therefore, all the levels in any symmetry are derived from
the same term and their energy separations are independent
of interel'ectronic repulsion. Hence the energies of
transitions are simply the differences in energy
.between the one electron energy levels concerned.
Six Co-ordinate Complexes
Six co-ordinate copper(II) complexes show a wide range 
of distortions, the commonest of which is extension 
or compression of the octahedron along one axis, formally 
th.e Zj. axis. In view of this it is unrealistic to 
discuss the spectra of six co-ordinate complexes without 
reference to the gradation from compressed tetragonal 
octahedral to square co-planar complexes. Figure 3 
shows a correlation diagram for the copper(II) ion in' 
such a series of environments. Reference to this 
diagram reveals that in theory three transitions are
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to be expected for a copper(II) ion in other than a
regular octahedral environment, except when a rhombic
perturbation is present, in which case the degeneracy of
the d. and d  ^orbitals would be lifted and four xz yz
transitions expected. However, more than two bands 
are rarely observed and some complexes show a broad 
absorption envelope. This.is probably because the 
energies of the excited states are close together. 
Hence, the spectra^ of copper(II) complexes depend not 
only on the stereochemistry but vary considerably with 
the strength of the ligand field.
Hov/ever, this does not preclude deductions of stereo­
chemistry from the electronic spectra of copper(II) 
complexes. V/ithin a closely related series the ligand 
field strength andaistortional influences would vary 
little and probably in a manner predictable from simple 
considerations. Thus the electronic spectra should 
be diagnostic of stereochemistry providing that a 
compound of known crystal structure is available for 
comparison. The work of"Hathaway et al exemplifies this, 
and although McKenzie has criticised some aspects of 
this work, he concluded that deductions could probably 
be made from the electronic spectra for a limited range 
of compounds of the.same type. *
The literature contains very few-reports of complexes 
containing the CuN^O^ chromophore, and practically none 
in which the ligands are similar to those employed in 
this work. Table 7 shows some tetragonslly and rhombically 
distorted copper(II) complexes of known crystal structure 
together, with the .' positions of their absorption maxima 
in the region 5-20 kK. A "typical" octahedral spectrum 
appears to contain two bands.
Hathaway et al have;claimed that for a relatively
constant ligand field strength the energy of the d 2 •■ z
d 2 - 2 or d transition can be correlated with the“x y ~xy
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degree of tetragonal distortion in a copper(II) complex,
55 57 7)0 ZM
when one or other of the. d._2-f or d_
j -“-y
orbitals constitutes the ground state, as is usual in•
complexes having an elongated tetragonal distortion.
However, this correlation-only arrears to be remotely
59
realistic when equivalent donor atoms are present.
rfhe-method given for "correcting1' the bond lengths of
- 58
non-equivalent donor atoms-' leads to completely
Zf1
erroneous results.
Nevertheless, it is generally true that there is a
shift of the centre of gravity of the d-d transitions
to higher energy as the tetragonal distortion increases
from nearly regular octahedral to sauare co-planar,
" 59
especially when the donor atoms are unchanged, '
although this is complicated by deviations from essentially
square co-planar stereochemistry (see next section).
In conclusion, the observation of two bands in the regions 
10-15 kK and 12-20 kK, the lower band being the least 
intense and possibly appearing as a shoulder, can be 
taken as tentative evidence for tetregonally or 
rhombically distorted octahedral stereochemistry. 
Crystallographic verification of structure for one 
complex v/ithin a group of related complexes with similar 
spectra may permit almost unequivocal assignment of 
structure to the remainder of the group.
Hour Co-ordinate Complexes
As shown,a wide range of distorted stereochemistries
are found within this .group. As a result, it is
necessary to discuss their spectra in terms of the
gradation from almost regular square co-planar to
compressed tetrahedral complexes. Ho correlation diagram
has yet been published for such a series, although
55
Hathaway and Billing  ^have done so for compressed and 
elongated tetrahedral stereochemistries, which is 
reproduced in Higure A.
Elongated Tetrahedral Compressed
Figure 4 ;  Splitting of the One-Electron Energy Levels, of the 
Copper(ll) Ion in Tetrahedral Fields
distortion is the order of the one electron'energy levels. 
Since this should have little or no effect on the reflectance 
spectrum end in view of the rarity of the - elongated tetra­
hedral 'distortion this will not be discussed here; all- 
conclusions drown for the compressed tetrahedral complexes 
are considered to hold for the elongated case.
As can be seen from the correletion diagram; three trans­
itions- are expected for complexes having a compressed 
tetrahedral stereochemistry. . A rhombic component to the
ligand field would split the degenerate d ■ and d orbitalsxz y z
end an ‘additional transition would be expected. However, 
more than two bends are rarely observed because of the prox­
imity of some of the excited states.
The literature contains a considerable amount of data on 
complexes containing the Cul^C^ chromophore, much of which 
concerns salicyleldimine end N-substituted salicyleldimine 
complexes, which-are similar to the complexes under study 
in this work.' Unfortunately only a few pspers contain 
reliable reports of the solid skate electronic spectra for 
complexes of known structure. The data is summarised in Treble 
8, illustrating the complete lack of bends below 15 kK for 
square co-planar complexes containing the Gul^Op chromophore. 
As the tetrahedral distortion increases so the absorption 
bands move to lower energy. This might- be expected to 
cause confusion.with distorted -octahedral stereochemistries, 
although generally this is not the case.
56Lever  ^ has noted that for s given metal and ligands 
the energy of the charge transfer transitions depends upon 
the co-ordination number of the metal. Lor ligand to 
metal charge transfer processes the energies of the 
bands would be expected to decrease with s decrease in 
co-ordination number of the metal. Since copper(II) 
is a readily reduced metal and organic compounds con­
taining a phenolic group are usually easily oxidised, ■
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the'low energy charge transfer bands observed in the
various substituted salicyleldimine and chlorophenol
complexes almost certainly have their origin in ligand
to metal charge transfer phenomena, although on the
/<
basis of rather speculative reasoning Harrod considers 
the converse to be true of chlorophenol complexes.
The relatively low energies at which the charge transfer 
transitions occur in the distorted tetrahedral salicylald- 
imine complexes of copper(II) causes most of the d-d 
transitions to appear as shoulders on an intense charge • 
transfer tail in the red and near infrared part of the 
spectrum. This would not be expected for octahedral 
complexes containing the Cul'^ O^  chromophore since the 
charge transfer transitions should occur at somewhat 
higher' energy. Square co-planar complexes usually give 
resolved bands, possibly because several d-d transitions 
occur at almost the same energy thus enhancing the 
intensity of the composite band.
A general decrease in the energy of the d-d transitions -, 
with a change in stereochemistry from square to tetra­
hedral has been observed in a series of chlorocuprate 
99- q/|_
complexes. Also, all four bands in the single
crystal polarised spectrum, of C^ZnCl^ doped with
Cs90uCl, - occur at lower energies than the corresponding ■ •
9S .bands in a crystal of pure Cs20uCl^.
To summarise, the absence of bands below 15 kK in complexes 
containing oxygen and nitrogen donors can be taken as 
evidence for the’presence of the square co-planar 
CuN^O^ chromophore, whereas two or more bands in the 
A-.1A kK region, possibly appearing as shoulders, are 
indicative of a compressed .tetrahedral stereochemistry. 
Intermediate stereochemistries are likely to show bands 
in the 10-17 KK region, together with an intense charge 
transfer tail which should distinguish these from 
distorted octahedral stereochemistries. Assignments 
based upon these deductions must be considered as tentative 
unless confirmatory crystallographic evidence is available.
(c) five Co-ordinate Complexes ;
Correlation diagrams for five co-ordinate copper(II) 
complexes have been devised^ but in view of the 
distortions normally found within this group the 
diagrams will not be discussed. Five co-ordinate 
copper(II) complexes usually exhibit two intense absorp­
tions in the region 10-15 kK. The separation of these 
■bands is less than normally found in distorted octahedral 
complexes and one band often appears as a, shoulder.
Table 9 summarises some of the available data.
Clearly the assignment of five co-ordinate stereochemistry 
on the basis of the electronic spectrum is univise unless 
this is confirmed by an X-rry crystallographic study.
Table 9 - Solid State Spectra of some live Co-ordinate
Cooper(II) Complexes.
Complex d-d Transitions (kK) Reference
(Cu(Mi5)2)(Ag(8CH)5) ' i4-.5sh,12.8 54
(Cu(tren)NCS) SCN 14-.7sh,11.9 54
(CuOoipy^I)! 12.5 54
Cu(N-'Mesalim)2“ 13.0,11.0sh 23
(Cu(trenTie)Br)Br 12.8,10.0 67
(Cu(trenMe)C104)C104 13.5,11.5 67
(Cu(trenMe)lT0^)R0^ 13.8sh,11.1 67
a - Bis(N—methylsalicylaldiminato) zinc (II) doped with 
the copper analogue
Seven and Eight Co-ordinate' Complexes
The spectra of these species.will not be considered 
because substituted phenols are fairly bulky ligands 
which would not be expected- to form complexes having a 
co-ordination number greater than six.
EXPERIMENTAL
2 :1 Materials and Reagents
Wherever possible A.R. grade materials were employed.
EDTA and carbon dioxide tree sodium hydroxide solutions 
were prepared and s t a n d a r d i s e d ;  by the usual methods 
The melting points of the commercially available phenols 
were checked before use and most of them were recrystallised 
(Table 10).
Table 10
Compound Source m.p
2,A,6-Trichlorophenol B.D.H. 67*
Pentachlorophenol B.D.H.
A-formyl-2-methoxyphenol B.D.H.
2-ethoxy-A-formylphenol Eastman
Potassium 2-methoxy-A- Ref.98 • -
-nitrophenolate monohydrate
2-methoxyphenol B.D.H.
2-methyl-A-nitronhenol Ref.99 9
189-190
81°
76°
a
/.o
97nit, m.p. 1
69°
/ i  91°  
77-79°,31-82' 
76-78°
96(
.a - Used as supplied
2:2 Preparation of Complexes
The' yields were calculated with respect to the metal
2:2:1 Cobalt(II) Complexes
The cobalt(II) complexes either contain a nitrogen-base 
or are simple hydrates. The two general preparative 
methods are summarised after which.more specific details 
are given for each complex.
Preparative Method. 1 -.Nitrogen-Base Complexes
The nitrogen-base (0.02 equivalents) was added.to a 
filtered solution of the appropriate phenol (0.021 mol) 
in sodium hydroxide solution (0.02 mol, 100 ml). To 
this was added with stirring a solution of cobalt(.II) . 
sulphate heptahydrate (0.01 mol) i^ distilled water 
(100 ml). The resultant precipitate was filtered off 
by suction, washed 'with distilled -water (Ax 20 ml) and 
dried in vacuo over calcium chloride. Yields in 
excess of 85!A were obtained.
Preparative Method 2 - Hydrates
A solution of cobalt(II) chloride (O.Oo^mol) in 
propan-2-ol (100 ml) was added dropwise. with stirring 
to a filtered solution of the appropriate phenol 
(0.0105 mol) in sodium hydroxide solution (0.01 mol,
100 ml). The resultant precipitate was.filtered by 
suction, washed‘with 96h ethanol (2 x 5 ml) and dried 
at the-pump. Drying was completed over phosphorus 
pentoxide.
, I !
Bis(2sA.6-tricholorophenolato)N,DtNt N -tetramethyl- 
-ethylenediaminecobalt(II)
This was--prepared as a light-purple powder.
Bis(2,A,6-1richloropheno1a t o)bis(pyridine)c ob s11(11)
As prepared this was a pinkish-mauve powder 
B i s(p ent a chiorophen o1at o)b i s(pyr id in e)c ob a11(11) 
Prepared by the general method as a light-purple powder 
Bis(A-formyl-2-methoxyphenolato)bIs(pyridine)cobalt(II)
A dark-green tar-like substance was obtained when the
general method- was applied to the preparation of this
complex. Subsequent treatment of this with alcohol,
or incorporation of alcohol in the reaction mixture, •
resulted in the production of Go(V)^(^0) T h e
following method was adopted.
*
A portion of CoCV^CH^Q)^ (1.80 g) was dissolved in 
pyridine (18 ml). Light petroleum (70 ml, 100-120°) 
was added followed by diethyl ether (300.ml), when a 
green solution was produced. This was filtered and 
reduced to about half volume on the steam bath at which, 
point a green solid began to separate. On cooling, a 
dark green microcrystalline, solid was deposited. This 
was.filtered by suction, -washed, with a little light 
petroleum (5 ml, 40-60°),'and dried at-the pump.
Drying was completed over phosphorus pentoxide and fresh 
wax shavings, (yield, 50%).
Bis(2-methoxy-A-nitroohenolAto)bis(pyridine)cobalt(II)
By the general method a yellowis.h-gr.een solid was obtained, 
which on subsequent examination was found to be a , 
mixture of the required complex and Go (N) 2 (-^2^4* 
following.procedure was adopted.
Pyridine (0.-04 mol) was added to a filtered, solution of 
potassium 2-methoxy-4-nitrophenolate monohydrate (0.01 mol), 
in distilled water (70 ml) and 96% ethanol (30 ml).
To this was rapidly added, with stirring, a solution of 
cobalt(II) nitrate hexahydrate (0.005 mol) in 96% ethanol. 
(50 ml). A microcrystalline solid slowly separated.
After five minutes stirring the precipitate was filtered . 
by suction and dried at the pump for thirty minutes.
Drying was completed over phosphorus pentoxide. A 
brown microcrystalline solid was obtained.-
B i s(4-f ormy1-2-meth oxyphen o1a t o j a i a quo c ob a11(11)
This was prepared as a greyish-brown solid.
Bis(2~ethoxy-4-f ormyIphenoL-to)diaquocobalt (II)
As prepared this was a .dark-mauve solid.
B is ( 2-me thoxy-4-n it r opheno1 a t o ) t e t r a quo c ob al t (11)
This was obtained as a bright-yellow solid.
2:2:2 Hickel(II) Complexes
Host of the nickel(II) complexes were prepared by a general 
method analogous to that described for the coballfll) 
nitrogen-base complexes, except that nickel(II) nitrate 
hexahydrate. was employed. Drying conditions varied 
widely within this group.
Bis(2-methoxy-A-nitrophenola.to)bis(pyridine)nickel(II)
This was obtained as a lime-green powder and dried in vacuo, 
over calcium chloride.
ti
Bis(2-methoxy-A-nitrophenolato)N,N ,N,N -tetramethyl- 
e thy1e ne di amine nicke1(11)
As prepared this was a yellowish-green powder. -It 'was 
dried in vacuo over calcium chloride. ■. *
Bis (2, A, 6-trichloropheholato)diaquobis(pyridine-)nickel(II) 
Dihydrate.
This was prepared as a light-blue solid. However, this 
could not be dried without partial decomposition. The 
dry, partially dehydrated complex was recrystallised from 
a mixture of 96% ethanol and water (p:2) containing 
pyridine (2% by volume). Light blue' needles were 
obtained which were filtered off by suction, washed 
with a little ethanol/water (3(2) and press dried between 
filter papers. finally, air drying was employed.
Bis (2,4-,6-trichlorophenolato)bis (pyridine )nickel(II)
Dehydration of the tetrahydrate in vacuo (0.1 Torr) over 
phosphorus pentoxide produced a yellowish-cream solid.
This was stable to air.
Bis(pentachlorophenol-to)diaouobis(pyridine)nicke1(II) • 
Dihydrate. .
As prepared, this was a pale-blue powder. It was initially 
press dried between filter papers and finally air dried.
Bis(pentachlorophenol-to)bis(p7rTridine)nickel(II)
This was. produced by dehydration of the tetrahydrate 
in vacuo (0.1 Torr) over phosphorus pentoxide.
■ ii.
Bis ( 2, 4-,6-trichlorophenoleto)diaquoN, N , rl t IT -tetramethyl- ■ 
ethylenediaminenickel(II) Dihydrate.
Prepared as a light-blue solid which was dried over 
calcium chloride
Bis(4— formyl-2-methoxyphenoiato)bis(pyridine)nickel(II)
A green tar-like substance was- produced /when the general' • .• 
method was applied to'the preparation of this complex.
On drying, this produced a coarse, granular material 
which could not be recrystallised to give a pure complex.
The following preparative procedure was adopted.
Pyridine (0.025 mol) was added to*a filtered solution 
of 4—formyl-2-methoxypenol (0.011 mol) in sodium hydroxide 
solution (0.01 mol, 70 ml) and methanol (50 ml). To 
this was added with'stirring a solution of nickel(II) 
nitrate hexahydrate (0.005 mol) in distilled water (50 nil).
A clear emerald green solution was formed. An apple 
green solid separated overnight. This was' filtered by 
suction, washed with, a little methanol/water (2 x 5 ml,1:l)
. and dried at the pump. It was finally dried over
phosphorus pentoxide, (yield, 66%).
5 Popper(II) Complexes
Most of the copper(II) complexes were prepared by one or 
more of several general methods. These are summarised, 
after which specific details are given for each complex.
Method A - 'Pyridine Complexes
Pyridine (0.02 mol) was added to a filtered solution of 
the appropriate phenol (0.021 mol) in sodium hydroxide 
solution (0.02 mol, 100 ml). To this was added with 
stirring a solution of copper(II) sulphate pentahydrate 
(0.01 mol) in distilled water (100 ml). The resultant 
precipitate was filtered by suction and washed-with 
distilled water (4 x 20 ml). The'product, was finally 
dried in vacuo over calcium chloride. All yields were 
in excess of 85%.
Method B - Pyridine Complexes
• Pyridine (0.021 mol) was added to a solution of copper(TI) . 
sulp)hate pentahydrate (0.01 mol) in distilled water (50 ml). 
To this was added with stirring s solution of the ;
appropriate phenol (0.021 mol) in 96% ethanol (50 ml) 
and sodium hydroxide solution (0.02 mol,'100 ml).
The microcrystalline precipitate which separated was 
filtered by suction and we shed'with. a mixture of 96% 
ethanol and water (5 x 10 ml, 1:1), The product was 
' dried- in vacuo over calcium chloride. Yields in excess 
of 90% were obtained.
Method G - Tetramethylethylenediamine Complexes
i t
N,MtN,N -Tetramethylethylenediamine (0.011 mol) was 
added to a filtered solution of the appropriate phenol
(0.021 mol) in 96% ethanol (20 ml) and sodium hydroxide 
solution. (0.02 mol, 100 ml). .. To this was added with 
stirring a solution of copper(II) sulphate pentahydrate 
(0.01 mol) in distilled ’water (100 ml). The micro­
crystalline precipitate which separated was filtered by 
suction and washed with distilled -water (Vx 20 ml).
The product was dried by a suitable method.. Yields 
were in excess of 80%.
I-lethod 13 - Ammines
Concentrated aqueous ammonia was added dropwise to a 
solution of copper(II) sulphate pentahydrate (0.01 mol) 
in distilled water (100 ml) until the initial ;pale blue 
precipitate dissolved and a deep blue solution was 
obtained. To this was added with stirring a solution 
of the appropriate phenol (0.021 mol) in 96% ethanol 
(20 ml). The resultant microcrystalline precipitate 
was filtered by suction and washed with distilled water 
(2 x 10 ml) followed by 96% ethanol (3 x'10 ml). The 
product was initially air dried and finally dried over • 
calcium chloride. Variable yields were obtained in . 
the range 60-95%.
■Bis (2-methoxy-A-uitroohenolg to )bis (pyridine ) cooper (II)
This was prepared as a dsrk-green solid by methods A and 
B. A mixture of benzene and chlorobenzene (1:1) was . 
used for recrystallisation.’
B i s(pent a chior ophen o1a t o)b i s( pyr id ine ) c o p p  e r (11) ^
As prepared by method A, this was a light-brown powder.' 
Recrystallisations from benzene, and a mixture of benzene 
and pyridine (3*1) both yielded a microcrystalline, 
brownish-green solid.
Bis(2,4,6-tricliloropheholsto)bis(pyridine)copper(II)
This was prepared by method A as a reddish-brown powder. 
Bark reddish-brown crystals 'were obtained from a mixture 
of light petroleum (100-120°) and benzene (9:1).
Bis(2-ethQxy-A-formylohenolato)bis(pyridine)coooer(II)
Methods A and B both yielded greenish-broxtfn solids. Very 
dark-green crystals were obtained from benzene.
3 i s(4-f ormy1-2-me thoxyphe no 1 a t o ) b i s ( p.y r i d in e ) c o op e r (11) 
Monohydrate .
This was.prepared by methods A and B as a yellowish-brown 
solid. Recrystallisation from a mixture of water and 
pyridine (4:1) produced.very dark-green crystals. This 
complex was easily dehydrated and was therefore dried 
at atmospheric pressure over calcium chloride.
Bis(4-formyl-2-methox.yphenolato)bis(pyridine)coooer(II) 
Benzene.
Recrystallisation of duXV^Cpy^E^O from benzene produced 
dark-green crystals. These were filtered by suction,- • 
rapidly dried between filter papers and-stored over • ' .
phosphorus pentoxide.
t t
Bis(2-methoxy-4— nitrophenolrto)IT,IT,3 ,N -tetramethyl- 
eth.ylenediaminecopper (II) nonohydrate
Prepared as a very dark-brown, microcrystalline solid, 
this xvas dried at atmospheric pressure over phosphorus 
pentoxide.
! t
Bis(2-methoxy-d-nitrophenolato)N,IT,II,IT -tetremethyl- 
e th.y 1 e ne di a min e c opi) e r (11) Mon ohydr a. t e Benzene
Recrystallisation of the monohydrate from benzene yielded
brown needles. These-.were filtered by suction, press 
dried between filter ppoers end .finally air dried.
i t
Bis(2-inethox,y-4- nitrophenolato)N,N ,IT, N -tetramethyl- 
ethylenedianinecouper(II) Xylene
fills was obtained a.s blue-black rectangular pistes' on • 
recrystallisation of Cu(N)2'(Meen)HpO from xylene.
These were filtered by suction, washed with a little light 
petroleum (40-60°) and air dried.
i i
Bis (4-form~fl-2-methoxyohenolato)diequoN f IT, 3M, N -tetra- 
me t hy 1 e t hy 1 e n e a i am i n e c o dx> e r (11) D ihy dr a t e
This complex separated from solution as dark-brown 
needles after the reaction mixture had been standing 
for about twelve hours. Air drying was employed because 
the complex was very easily dehydrated.
i t
Bis(4-formyl-2-methoxyphenoieto)N,N,N,il -tetrsmethyl- 
ethylenediamineconperClI) (Black Isomer) •.
Dehydration of the crystalline tetrahydrate in vacuo 
over phosphorus pentoxide produced bluish-black crystals. 
In view of their hygroscopic nature these were stored 
over phosjjhorus pentoxide. . /
Bis (4-f ormyl^-methoxyphenol^to)!!,N,N ,IT -tetramethyl- 
ethylenedinriineco'Dper (II) (Red Isomer)
This isomer was produced when the black isomer was 
allowed to stand in a .dry atmosphere for several months. 
However, a more convenient method of preparation was 
found.
A portion of the black isomer (1.50 g) was dissolved in 
benzene (40 ml,A.R.) with heating, when a red solution 
was formed. To the Hot, stirred solution, light petroleum 
(60 ml, 80-100°) was added. On cooling a red, micro- '
crystalline solid vr.s produced. 'this was filtered by 
suction under a stream of dry•nitrogen and finally 
dried in vacuo over phosphorus pentoxide and fresh 
wax shavings. The dry solid was stable to air.
t t
Bis (2-methyl-d-nitrophenoleto)ITt3I,]ItN -tetramethyl- 
ethylehediaininecopper( II)
Prepared as a brownish-mauve, microcrystalline solid.
After filtration this was not washed, but sucked dry 
at the pump ana finally dried in vacuo over phosphorus 
pentoxide.
Bis( 4~ f ormyl-2-methoxypheno1Pt o)diammine copper(II)
This was prepared as a bright-green, microcrystalline 
solid.
Bis ( 2-me thoxy-d-n itr ophe no 1 at od i ammine d iaquocopper(II)
This was prepared using a modification of method D in 
'which the potassium 2-methoxy-d-nitrophenoIrto mono- 
hydrate was dissolved in distilled-water (100 ml) and 
96% ethanol (20 ml). The product was an easily 
■dehydrated, greenish-brown, microcrys.talline solid and 
was dried, in air.
Bis (2-methoxy-d— nitrophenol5.to)diamminecopper( IT)
This was prepared as a brown, microcrystallrne solid by 
dehydration.of in vacuo over phosphorus
pentoxide.
Bis(2-ethoxy-4~ formylphenoi5 to)ammineaquocopper(II)
This was a brownish-orange, microcrystalline solid.
B is ( 2- e thoxy-4— f o rmyIphen o 1r t o ) diaiaminecopper (II)
This could not be prepared by an aqueous method. The
following procedure was adopted.
CuClO^Cpy)^ (2.4-0 g) was dissolved in chlorobenzene 
(300 ml) with gentle heating. The cool solution was 
' filtered into a conical flask and ammonia gas was passed 
over the magnetically stirred solution. A green micro­
crystalline solid separated over a period of about ten . 
minutes. This was filtered and dried in a stream of 
dry nitrogen. An essentially quantitative yield of a 
light brownish-green, microcrystalline solid was obtained. 
This was fairly stable in air.
Bis(-pentachlorophenolato)diariiminecoDper (II)
This was prepared as a reddish-brown, nicrocrystalline 
solid.
Bis (2 ^ 4-,6-trichlorophenolato)diamminecoi)T)er(II)
This was a dark-brown, microcrystalline solid.
2:3 Analytical hethods
2:3:1 Cobalt-
Cobalt was determined volumetrically using EDTA solution'
96with Aylenol Orange as' indicator.y The organic matter 
ih.-ca. 0.1 g sample's was destroyed by heating with, a 
mixture of concentrated nitric acid (4 ml), concentrated 
sulphuric acid (2 ml), and perchloric acid (1 ml) until 
less than one ml of liquid remained, This was taken up 
. in deionised water and made up volumetrically to 250 ml. 
Aliquots of this solution (23 ml) were treated in the 
normal manner.
2:3:2 Nickel
Nickel was' determined grevimetrically "using'dimethyl-
Q/"
glyoxime. °^ The organic matter in 0.05-0.1 g samples
was destroyed, by heating with the same acid mixture as 
used for cobalt determinations until about two nl of 
liquid remained. This was taken up in distilled water 
(200 ml) and treated in the usual way.
2:3:3 Corner
Copper, was determined volumetrically using EDTA solution
96with East .Sulphon Black B as indicator. One of two
methods was.-employed depending upon the nature of the 
phenol-, te ion present. Bor the majority of the 
complexes containing essentially.colourless anions,
0.05-0.1 g samples were dissolved in concentrated aqueous 
ammonia (5 ml), diluted with deionised water.(100 ml) 
and titrated in the normal-way. Complexes of nitrophenolates 
could not be treated in this manner because masking of 
the end point occurred. Instead, the organic matter in . 
0.05-0,1 g samples was destroyed by heating to dryness 
with the same acid mixture as used for cobalt determinations. 
The residue was treated as in the first method.
2:3:4 Pi i c r o a n a lysis '
Hicroanalyses'were performed either by the Alfred Bernhardt 
Laboratory, (5251 Elbach uber Engelskirchen, ‘Best Germany), 
or by the University of Surrey Iiicroanalytical Unit, ■ :
Tables 11 and 12 list the prepared complexes with their 
analytical data.
2:4 Physical Methods
2:4:1 Electronic Spectra
Electronic spectra were obtained using a Unicam SP 700C 
recording spectrophotometer. .
(a) Solid State Spectra
These were recorded .over the range 40,0-4.1 kK, at room
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and. -liquid nitrogen temperatures; be a diffuse reflectance 
technique with lithium fluoride :s reference. The stands r< 
cell supplied'with the instrument was employed. .Cooling 
to liquid nitrogen temperature was achieved by means of a 
brass cylinder, closed at one end and contained in an insu­
lating polythene box. The closed end of the cylinder was. 
made such that it fitted over the standard cell in 
-its normal position on theinstrument. Liquid nitrogen 
was introduced into the open end and its level maintained 
for thirty minutes before the spectrum was recorded. 
Misting of the instrument and cell windows at low temp­
erature w^s prevented by a constant stream of dry nitrogen 
which was directed onto the lower side of the instrument 
window and thence onto the cell window.
■(b) Solution Spectra
Solution spectra of selected complexes-were recorded over 
the range 30.0-4.1 kK using 2 mm, 1 cm and, 4 cm silica 
cells with chloroform' or benzene as solvent. Pure 
solvent was used as reference. ■
2:4:2 Infrared Spectra
Soutine infrared spectra were obtained as nujol mulls 
on'a.Unicam SP 200 recording spectrophotometer.
2:4: 3 Haynetic Measurements
Magnetic susceptibilities of selected complexes were 
determined over the temperature range 80~300°K by the 
Gouy method, using a-Newport Instruments Variable 
Temperature Gouy Balance. The apparatus was calibrated 
with nickel(II) chloride solutions.Pre-calibrated, 
precision bore, glass tubes were used for sample present­
ation.
5 7
The molar susceptibility, x^v was- calculated from the
equa cron i
X I;1 = : 2wk1H e . g .s. units
WH2
where, w = apparent increase in weight due to the applied
field (g)
—2' g =■ Acceleration due to gravity (cm s )
1 = length of the sample (cm)
TI = molecular weight of the compound calculated
on the basis of one paramagnetic metal ion . 
per molecule 
V = weight of the sample (g)
H = calibration value of the magnetic field
strength for a sample of length 1 (gauss)
The atomic susceptibility, XA, of the paramagnetic metal
ion. was- obtained by correcting Xjvt for the diamagnetic
contribution of all atoms excluding that of the para- 
101magnetic ion. The effective magnetic moment of the
paramagnetic species was calculated from the equation:
• |i ff = 2.828( Xa .T)^ BH . ’ ■ .
2:4-:'4- Thermogravimetric Analysis
A Stanton (type HT-D) thermobalance was used to examine 
complexes which, from infrared evidence, were suspected 
to contain co-ordinated water or water of crystallisation, 
Platinum crucibles were employed into which were weighed 
finely divided sampled of between 70 and 150 mg.
A newly prepared hydrated complex was initially examined 
on the thermobalance at room temperature under.normal' 
atmospheric conditions and under dry nitrogen. A steady
mass base-line -indicated that the drying conditions 
emploj^ ed were satisfactory, whereas e slight loss of 
weight under dry nitrogen indicated the need for more 
'rigorous conditions. If a relatively large weight 
loss occurred under dry nitrogen together with a 
• weight gain in air then air drying; was' employed.
The thermobalance was. used to determine the degree of 
hydration. A heating rate of 1-2° per minute was 
used and the buoyancy correction for the crucible under 
the appropriate conditions was always applied. After 
each run.the infrared spectrum of the sample was recorded 
to confirm that the observed weight’ loss was due to 
the removal of water.
5 9
CRYSTALLOGRAPHY
Introduction.
From the outset of this .work it was apparent-:-that an X-ray
. crystallographic study was needed to finalise the problem
8 9 102ortho-group co-ordination ’ ’ and provide unambiguous 
proof of structure for certain spectral groups within the 
copper(II) complexes. The crystal and molecular structuret !
of bis(2.,4,6-trichlorophenolato)N,N,N-tetramethylethylene- 
diaminecopper(II) has been briefly reported,and the 
configuration about the copper is described, as distorted 
square planar. The Cu-01 distances for the closest 
approaching p~ciilorines were not reported.
Experimental '
Two copper(II) complexes, namely bis(2-methoxy-zl— nitro- 
phenolato)bis(pyridine)copper(II) and bis(4-formyl-2-methoxy- 
phenolato)bis(pyridine)copper(II) monohydrate were chosen 
for X-ray crystallographic analysis since they fulfilled . . 
both of the requirements outlined in section 3:1•
1 Single Crystal Preparation .
Cu(N)^(py)2
Single crystals of this complex proved very difficult to■. 
grow. The solubility of the solid in various solvents was 
found to decrease in the order; •
chloroform > chlorobenzene > benzene > carbon tetrachloride 
It was almost insoluble in carbon tetrachloride.
Slow cooling of benzene and benzene/chlorobenzene solutions 
produced only small, twinned crystals, even when the 
concentration of the hot solutions was around 50/ of the 
saturated value. Attempted crystallisation by. vapour 
diffusion using chloroform or chlorobenzene as the primary 
solvents and carbon tetrachloride as the secondary solvent 
failed to produce any crystals.
A few .single crystals were eventually obtained from 
benzene/chloroforn, and chlorobenzenc/chloroforn solutions 
by'allowing slow evaporation of the solvent. Supersaturation 
was only a problem with previously unused crystallising 
vessels.
Cu(Y)2(ny)2H20
Suitable single crystals were obtained in abundance by 
recrystallising the crude solid from water/pyridine (4:1) 
(section 2:2:3)•
2 Preliminary X-ray Work.
The discussion in sections 3*2:2 and 3-2:3 applies to both 
complexes.
Crystals were mounted on glass or quartz fibres using
proprietary adhesives, and transferred to a goniometer
head vinen the adhesive had hardened. Alignment along.a
cell axis was achieved by photographic oscillation techniques,
and the approximate unit cell dimensions and space group
104were determined by V/eissenberg and precession methods.
Refinement of the cell parameters was achieved by mounting 
a suitable crystal with its c axis coincident with the ■
0 axis of a Siemens four-circle diffractometer and accurately 
measuring the 0-values of about twenty reflections of 
moderate intensity using Cu-Ka radiation. Precise 
cell parameters were obtained from the.. 0-values by a 
least squares procedure.
3 Intensity Data Collection and Data Processing.
A 0-20 -scanning method was employed using a Siemens automated 
four-cirble diffractometer, equipped with a scintillation 
counter and pulse height discriminator. This instrument 
is‘controlled by paper tape which is generated beforehand
from the refilled cell parameters and crystal orientation.
A five-scan technique w-s used, whereby each reflection . 
was effectively scanned twice and a stationary background 
count made at the two limits. Step scanning was .employed 
in 0.01° intervals each one taking a maximum time of 0.6 
seconds and the total scan width, was preset to increase 
with 6 to allow for spectral dispersion., ' The- stability, 
both of the crystal and electronics, was checked after 
every 20 reflections by means of a predetermined reference 
reflection. Automatic zero-position checks were made 
every 40 reflections and further crystal orientation 
checks v;ere made after every 2p0 measurements by means 
of several predetermined reflections.
The intensity data were output on track paper tape and 
processed using a local program (AED Datareduction,
H. Shirley). This .'calculates the intensity of each 
reflection from the five counts supplied by the diffractometer 
and then converts this intensity to a relative structure factor 
( |krel| ) by applying the relationship;
re hkh
where ' = measured intensity
L' = Lprentz factor
p = polarisation factor
Relative structure factors are related.to observed structure 
factors ( |Po| fs) by a scaling factor, k, which is supplied 
and updated during the structure solutions process.
The program also types reflections as less thorns or observed 
on the basis of counting statistics. In this work 
reflections where I < 2 o (I) were considered to be less 
thans, where c(I)> the standard deviation in I, vi&s 
calculated from the expression:
and is the sum of the five counts made by the diffrac­
tometer .
The majority of the computations subsequent to data reduction 
were carried out at the Atlas Computer Laboratory, Bidcot,
Berkshire using the standard "X-ray" set of programs.
105 • •Atomic scattering factors were used  ^and that for copper
was modified to include the real part of the dispersion
, . 1 06 iT -Ucorrection. No absor
v/ere applied to the data.
o r e c t i o n . N o ption or extinction corrections
3:3 The Crystal and Molecular Structure of Bis(2-methoxy-4-
-nitrophenolato)bis(pyridine)copper(II).
3:3:^  Crystal Lata.
GuG2AH22°8iT4 ’ — “ 558.01,
Orthorhombic,
a = 37.54-4(20), b. = 16.763(12), c = 7.947(5),
u = 5002.94 .
= 1.48 g ca--'’ (Flotation), Z = 8, D = 1.482 g cm-^
F(000) = 2296 ■
Ou-Kq radiation (x = 1.5418 S), ) = ^3 Cla ^
Space group, Pbca, from systematic absences;
Okl for k odd, hOl for 1 odd, hkO for h odd.
5:3:2 Intensity Lata Collection
.The intensity data were collected from two crystals. This 
procedure was necessitated by the decomposition of the • 
complex in the X-ray beam as indicated by s gradual 
reduction in the measured intensity of the reference 
reflection, a general increase in the level of background' 
radiation and a change, in the appearance of the crystal' 
from clear to opaque and mottled.
64
Crystals (0.56 x 0.22 x-0.05, and 0.44 x 0.17 x 0.04 mm)
of a Siemens four-circle diffractometer and the intensity 
data were collected as previously described. A total 
of 2,550 independent reflections were measured for
treated as such in subsequent computation. The data 
were manually scaled to an overall level using the reference
remainder, The two portions of data were also treated as 
separate'scale groups in subsequent computations.
5:5 Structure Solution and Refinement
The structure was solved-using a combination of the heavy
synthesis yielded' the co-ordinates of the copper atom both 
from its general peak, and the relevant Herker sections. 
However-, subsequent Fourier syntheses with the structure
the molecular structure. The position-1 and anisotropic 
thermal parameters of the copper atom were refined 
by full-metrix least squares after which successive- Fourier- 
syntheses permitted the placement of all- the remaining 
non-hydrogen atoms.
The structure was refined by full-matrix least squares 
with isotropic• temperature factors for the light atoms, 
This gave a conventional residual’ index, (H), of 0.124, 
where;
Sin 0 / X 0.497* Of -th'ese, 1,645 were considered to be 
less tha.ns on the basis of counting statistics and were
reflection, which decreased by 11% during the measurement 
of J- of the data on the first crystal and by 9% for the
factors phased by the copper atom failed to reveal any.of
R i c II ULi 1  A]?
• An attempt to refine the light atoms anisotropically resulted
in non-positive 'definite temperature factors. Convergence
was reached at R 0.111 for 884 observed reflections. . The
average value of |a f | showed an irregular variation over
ranges of | Fo| , therefore unit weighting was employed.
on the final cycle of. .refinement no parameter shift was
>0•30a■• A final difference hourier synthesis showed
small, random fluctuations, (up to - 0.12 carbon atoms)
and did not permit placement of the hydrogen atoms.*
■The final positional and thermal parameters are given in 
Table 13. Fo; and-Fc for the observed reflections are listed 
in the Appendix.
5 : 3 Discussion
The crystal structure consists of monomeric units with all 
atoms in general positions. figure 5 is a perspective, 
drawing of the moleuule and figure 6 shows the packing 
viewed down c. The configuration about copper is asymmetric 
and the unit cell contains four of each enantiomorph.
Figures 7 sncL 8 show the bond lengths and angles of the - 
molecule together with the numbering scheme. Table 1^ 
gives the angles subtended at copper by the donor atoms 
and Table 15 the non-bonded contacts with copper of less / 
than 3*2 S. The equations of some least squares planes' 
and the angles between these are presented in Table 16.
Copper is six co-ordinate, with the phenolic-oxygens and
pyridine-nitrogens in a-square planar arrangement. A
very distorted octahedral configuration is completed by
the phenolete methoxy-oxygens, which are co-ordinated at
o
an angle of ca. 20 to the z axis at a greater distance 
than the in plane phenolic-oxygens. The angular distortion 
is imposed on copper by the phenolate ligands. For the . ■ 
donor oxygen atoms to subtend an angle of approximately 
90° at copper the Cu-O(methoxy) bond.'lengths would-heed to 
be of a similar magnitude to the Cu-O(phenolic) bond .
Table 15 - Pinal Positional (fractional, x 10^) and Thermal
Parameters
Standard deviations in parentheses
At om X 2 z
.Op
U (A x
8u 1175(1) 4842(2) 5397(5) a
0(1) 1239(5) 3894(9) 6787(21) 50(6)
0(2) 1124(4) 5807(8) 4090(17) 24(4)
0(3) 1802(6) 4260(10) 4908(24) 69(6)
0(4) 0577(4) 5374(9) 5953(18) 37(5)
0(5) 2836(6) 3418(12) 8516(26) 83(7)
0(6) 2583(6) 2824(12) 0565(27) 89(7)
0(7) -0038(16) 8007(12) 7164(27) 80(8)
0(8) 0291(5) 8870(12) 5837(23) 70(7)
N(1) 1377(6) 5517(10) 7321(25) 33(6) .
N(2) 0959(5) 4174(10) 3440(21) 18(5)
1- (3) 2593.(7) 3226(13) ' 9227(29) 50(7)
N(4) 0211(7) 8146(14) 6370(28) 53(7)
0(1) 1319(6) 5359(12) 3920(27) ■ 21(7)
0(2) 1450(8) 5799(15) 0309(35) 50(8)
0(3) 1690(8) 6300(17) 9933(37) 64(10)
0(4) 1804(7) 6513(16) 8234(36) 58(9)
0(5) 1654(7) 6061(14) . 6925(32) 37(8)
0(6) ' 0730(7) 4512(12) 2396(28) . 21(7)
0(8) 0614(8) 3251(15) 1016(33) 52(9)
0(9) 0870(8) 2920(16) 2112(35) 51(9)
0(10) 1032(6) 3372(12) 3422(26) 16(6)
0(11) 2102(9) 4448(18) 3910(40) 81(11)
0(12) 1575(9) 3742(16) 7331(33) 56(9)
0(13) 1374(7) 3934(12) 6441(29) 16(6)
0(14) . 2204(6) 3745(12) 7096(27) 19(7)
0(15) 2212(7) 3362(13) 8638(28) 26(7)
0(16) 1924(7) 3167(12) 9626(31) ' 29(7)
0(17) 1539(7) 3336(14) 8986(31) 39(8) .
0(18) 0279(7) 5161(15) 7004(30) 42(8)
0(19) 0916(7) 6364(14) 4678(33) 41(8)
Table 15 continued:
At oin X I
°P
U (A x
C(20) 0591(7) 6185(13) 5571(30) 27(7)
0(21) 0360(7) 6763(14-) 6255(29) 34-(7)
0(22) 0464-(7) 7572(13) 5747.(29) 30(7)
0(23) 0753(7) 7768(13) 4758(31) ■ 34(7)'
0(24-) 0983(6) 7189(12) 4-156(25) 16(7)
A i  ' 1:2 “33 ■ -12 -13 %
a Gu 32(4-) 29(2) 4-2(2) -01(2) -08(3) 05(2)
Anisotropic thermal parenieters are in the form;
Figure 5 ; A Perspective Drawing of CutN)2(py)2
Figure 6 ; A View of the Crystal Structure Along c 
(12 Molecules)
70
1-15
1-3822
24
20
1-45
144
Cu105
141
137
Estimated Standard Deviations
C u -0  002
Cu—N 002
003
o -c 003
N -C 003
137c -c 004
112
Figure  7 ; Cu(N)2 (py)2 -  Bond Lengths, A
23
1183(126 N2123
101/ 3
£S:i'na:M Standard De .
eVl3tions ;
1 - 3 °
117
7 2
Table 14 . 0 C BilCi©Ci /O'*ao copper ( /
Standard deviations in parenthe
N(1)-Cu-N(2) 178.6(8) E(2)-Cu-0(1)
0(1)-Cu~0(2) 177.5(7) N(2)-Gu-0(2)
C(3)-0u-0(4) 178.1(6) H(2)-Cu-0(3)
E(l)-Cu~0(l) 88.9(7) IT(2)-Cu-0.(4)
I'T(l)-Cu-0(2) 88.6(7) 0(1)-Cu-0(3)
N(1)-Gu-0(3). 89.1(7)
'5\OI3oIOJo
H(1)-Gu-0(4) 90.2(7)
Table 15 - Non-bonded Contacts with Copper
Atom
0(1) 2.96(2) 0(12)
c(5) 2.99(2) 0(19)
0(6) . 2.95(2) 0(13)
0(10) . 2.97(2) • 0(20)
Table 17 - Selected Eon-bonded Contacts
0(1)-N(l) 2.79(2) • 0(2)-E(l)
0(1)-I'T(2) 2.83(2) 0(2)-H(2)
0(1)-0(1) 2.98(2) 0(2)-G(5)
0(1)-C(10) 2.90(3) 0(2)-G(6)
E(1)~C(12) 3.03(3) E(1)-C(19)
C(1)-G(12) . 3-09(3)
91.9(7)
90.6(6)
92.3(7)
88.5(6)
70.5(7)
72.7(6)
o
2.82(2)
2.79(2)
3.15(2)'
3-18(2)
o
3.2 A
2.78(2)
2.86(2)
3.05(3)
2.99(3)
3-07(3)
(J
Table 16 - Some Least Squares Planes
The planes are expressed in the form Px + Qy +.Rz = S,
where x, y, and z are fractional•co-ordinates in direct
space. Deviations, (A), of relevant atoms 'from the planes
are given in square brackets.
Plane (1): N(1),0(1-5); 26.9408x-11.6264-y+ 0.5225z = -2.2656
• [IT(1)-0.0567, 0(1) 0.05A1, 0(2) -0.0302, 0(3) 0.0131, 
0(4-) -0.0167, 0(5) 0.036A]
Plane (2) : 11(2) , 0(6-10) ; 27.5506x + 3.2540y - 5-4738Z = 2.2123
[11(2) 0.0096, 0(6) 0.0280, 0(7) -0.0308,
0(8) -0.004-3, 0(9) 0.0410, 0(10) -0.04-34]
Plane (3): 0(12-17); 1.8930x,+ 14.9908y + 3.538OZ =8.5271
[0(12) -0.0262, 0(13) 0.0046, 0(14) 0.0152,
0(15) -0.0125, 0(16) -0.0096, 0(17) 0/0285, ■
0(11) -0.0775, 0(1) -0.0534, 0.(3) -0.0631, -
11(3) 0.0637, 0(5) 0.1466, 0(6) -0.0668]
Plane (4-): 0(19-24); 20.5830x + 1-.5425y + 6.6059z = 5.9015
[-0(19) 0.0556, 0(20) -0.0517, 0(21) 0.0142',
0(22) 0.0179, 0(23) -0.0110, 0(24) -O.025O, ■
0(18) 0.0957, 0(2) O.OIO3,. 0(4) 0.0468, /
11(4) -0.0020, 0(7) -0.0117, 0(8) -0.0130]
Plane (5): 0(1-2), 11(1-2); 24.4879x - 2.,1258y - 2.9746z =1.4118
[0(1) 0.0138, 0(2) 0.014-1, 11(1) -0.0143, 11(2) -0.0135 
Cu 0.0070] -
Plane (6): 0(1-4); 13.5043x + 9-242Cy+ 5-9832z= 9.3201
[0 (1) 0.0129, 0(2) O.O125, 0(3) -0.0125,
0(4) -0.0129, Cu -0.0292]
( ~ V
Tab1e 16 - cont inue d:
Angles between the •planes, (°);
(l)-(2) 70 (l)-(6) 86
(l)-(3) 56 (2)-(3) 85
(1)-o) 67 (2)-(4) 83
(l)-(5) 44 (2)-(3) 2?
(3)-0) 61 (4-)-(3) 80
C 3) — C 76 (4)-(6) 29
(3)—(6) 32 (3)-(6) 89
o
lengths, (ca. 1.95-1).
The bond angles at the phenolic-oxygens suggest that these
2 • are sp . hybridised, although this scheme requires the orbital
overlap bet’ween copper and oxygen not to lie on the straight 
line Joining the atomic centres. The angles at.the methoxy- 
-oxygens suggest essentially sp^ hybridisation, with repul­
sive forces between copper and the methoxy-carbons increasing 
the C u - 0 ( 3 ) - 0 ( 1 1 )  and Gu-0(4)-G(18') angles.
The differences between the two Cu-N, and two Cu-O(phenolic) 
bond lengths are not statistically significant. 'The .
Cu-0(methoxy) bond lengths exhibit a difference which is. : .
significant, and 0(4) has a smaller temperature factor than 
0(3), indicating that the former is more strongly bonded to 
the copper. There appears to be no simple explanation for 
this.
•The C-C bond lengths of the aromatic rings show some variation, 
although none of the differences are statistically significant. 
The'mean G-G bond lengths of the four rings are 1.39, 1*4-3,
1.39, and 1.40 A for 0(12-17), 0(19-24), G(l-5), and C(6-10) 
respectively.
The N(3)-0(6) and N(l)-0(3) bonds are longer than .the 
N'(3)-0(5)- b(d-)-0(7) bonds, a difference which is
significant. In both cases the shorter bond is•associated 
with- the. oxygen adjacent to the 3-pos'ition of the aromatic 
ring. It is unlikely that this is due to packing effects 
since there are no inter-molecular contacts below 3*2 A,
C no-calculations were made above this limit). There is 
no explanation for this observation, especially since 
resonance effects would- be expected to equalise the N-0 
bond lengths. The corollary is that the nitro-groups 
are not involved in any significant resonance stabilisation 
of the phenolate ions In this complex.
Although the aromatic rings of the molecule are planar and 
the phenolate ring substituents deviate only slightly 
from the plane of their respective aromatic nucleus, neither 
the pyridines nor the phenolate ligands are co-planar,
(Table 16). It is unlikely that this is due to inter- • 
-molecular repulsiog both because there are no inter-molecula 
contacts below 3*2 A and the distortion of the phenolate 
rings relative to the 0(1) ,0(2) ,0(3)',0(A) plane are in the 
same sense for molecules related by the _c glide, (Figure 6).
If the relative orientation of the pyridine rings are 
considered to be fixed by their bonding role, (section 4:3:3) 
this might explain the relative- orientation of the phenolate ' 
ligands. Tab^e 17 gives all the non-bonded contacts of 
less than'3*2 A between H(1),0(1),0(5),H(2),0(6) and 0(10), 
and 0(1), 0(2),0(12) and 0(19). ^be distortion of the 
phenolate rings out of plane 6 prevents the close approach 
of C(12) and 0(19) with 0(10) and 0(6) respectively.
However, this produces close contacts of IT(1) with 0(12) 
and 0(19), sna 0(1) 'with 0(12). These may be balanced 
by the. relatively closer contacts of the x>ner±olic-oxygens 
with G(6) and 0(10) over 0(1) and 0(5).
3:4 'The Crystal and 'Molecular Structure of Bis(4-formyl-2- 
-methoxy-phenolato)~bis(pyridine)copper(11) Iionohydrate
3:4:1 -Crystal Data
CuG26E26°7N2 ’ ii-342.05
Triclinic,
o o o
a = 10.432,(4) A, b = 9.342(7) A, c = 13-799(4) A
a =103.75(7), _P = 100.53(4)°, Y =  100.81(4)°
0 7y
U = 1246.12 h?
B = 1.44'g cm"^ (Flotation), 2 = 2 , 0  = 1.445 g cm—m c
P(000) = 562,
0 -u
Cu-Kq radiation ( X = 1.5418 A), \i (0u-Ka ) = 17 cm .
Space group, P1 or P1. A negative piezoelectric test, a/
centrosymmetric E distribution, and successful refinement 
of the structure based on P1. suggest the latter is correct.
3:4:2 Intensity Data Collection
A crystal (ca. 0.4 x 0.1 x 0.1 mm) was mounted-with its c ' 
axis coincident with the spindle axis of a Siemens four- . 
circle diffractometer, and the intensity, data were collected • 
as previously described. A non-standard setting was used 
to facilitate data collection. A total of 3?475 independent 
reflections were measured having sin 0 / X < 0.562. Of
these, 1,045■were-considered to be less thans on the basis 
of counting statistics, and were treated as such in sub­
sequent computations.
3:4:3 Structure Solution and Refinement-
P P 'The P and E - 1 (sharpened, origin removed) Patterson
syntheses showed a large peak- at 0 , ?  which did not permit
unequivocal assignment of co-ordinates to the copper atom. 
However, the relative- structure factors of reflections with 
k + 1 odd were generally of a smaller magnitude:than those 
with k + 1 even, suggesting a pseudo-centreing on the (100) 
planes. An analysis of the E values in terms of parity 
groups provided much stronger evidence for this. Therefore 
the copper atoms' were assigned the co-ordinates 0,0,0 and ’ 
0,-^,-J- with two consequences.
Firstly, providing the copper-light atom vector peaks could 
be distinguished from overlapping light atom,peaks, the 
Patterson map should show an image of the molecule actually 
situated around the origin superimposed upon which would 
be an image of the molecule actually situated•around 
0,-g-,-^. The same pattern of peaks should be evident around 
Secondly, a Fourier synthesis using only the copper 
atoms as a phasing model would produce the same double 
images described above.
The location of a series of peaks in the same orientation 
around 0,0,0 and 0,^-,-g- corresponding to a complete phenolate 
ion confirmed the copper atom positions and provided a.good
phasing model for a Fourier synthesis. This phenol-te ion 
was arbitrarily assigned to the copper atom at 0,^ -,-i and 
the remainder of the structure was solved using successive . 
Fourier syntheses and the Patterson map.
Two cycles of full-matrix least squares refinement with / 
isotropic temperature factors gave a conventional P index 
of 0.150, (section 3:3:3)‘ .A further two cycles of 
block-diagonal least squares refinement utilising anisotropic 
temperature factors and unit weights reduced R to 0.088 for 
the 2430 observed reflections. Tables 18 and 19 give the. 
positional and thermal parameters for the non-hydrogen 
atoms in the asymmetric unit.
Z|_
Table 18 - Positional Parameters (Fractional x 10 )
Atom x 2 ?l
Cud) 0000 0000 0000
Cu(2) 0000 . 5000 5000
0(1-1) 1029(7) 1328(7) 1335(4)
0(21) 0641(7) -1668(7) 0998(5)
0(31) ' 4523(10) -2091(10) . 3843(6)
0(12) ■ 0426(7) 4050(8) ‘ 6441(5)
0(22) 2250(7) 4898(8) 5292(4)
0(32) 5993(8) 4595(9) 9065(5)
0(4) 1169(7) 4442(8) 2160(5)
11(11) -1741(8) -0152(9) 0497(6)
11(12) -0602(8) 2647(9) 4578(6)
0(11) 1922(10) 0801(10) ’ 1370(7)
0(21) 1762(9) -0749(9) 1745(6)
0(31) 2621(10) -1375(12) 2340(7)
0(41) 3751(10) -0312(12) 3063(7)
0(51) 3971(11) 1238(12) 3167(8)
0(61) 3069(11) 1821(12) 2570(7)
0(71) 0602(12) -3278(10) 0626(9)
0(81) 4721(13) -0825(14) 3745(8)
0(91) -2057(11) 1097(12) . 1034(8)
0(101) -3258(13) .1022(14) '1360(9)
0(111). -4163(12) -0414(14) , 1113(8)
0(121) -3852(13) -1701(13) 0545(9)
0(131) -2638(11) -1510(11) 0246(8)
0(12') 1676(10) 4965(10) 6852(7)
0(22) 2642(10) . 4853(10) 6290(6)
0(32) 3943(10) 4759(11) 6720(7)
0(42) 4227(10) 4732(11) 7768(7)
0(52) 3269(10) 4804(11) 8330(7)
0(62) 1962(10) 4902(11) 7890(7)
0(72) 3203(12) 4992(16) 4672(7)
0(82) 5602(11) 4636(11) 8181(7)
0(92) -1256(11) 1965(13) 5155(8)-
0(102) -1785(11) 0372(13) 4864(9)
0(112) -1578(11) -0481(13) 3954(9)
0(122) -0855(13) 0246(13) 3362(8)
0(132) -0377(11). 1816(12) ' 3699(8)
Up
Table 19 - Ani-sotropic 'Thermal Parameters- (A -x 10^)
- 'Standard-, deviations' 'In-, parentheses
b l  -22 -33 212 -13 —23
Cu(l 48(1) 30 1) 58 1) 06 1) -09(1) -06 1
Cu(2 4-6(1) 46 1) 55 1) 11 1) -06(1) 12 1
0(11 58(4) 32 4) 42 4) 12 5) -09(5) 05 5
0(21 61(4) 29 4) 55 4) 06 5) • -16(5) 10 5
0(31 119(7) 88 7) 70 6) 41 6) -22(5) 19 5
0(12 70(5) 66 5) 52 5) 20 4) -01(5) 18 5
0(22 50(4) 38 5) 28 5) 17 4) 05(5) 24 5
0(32 66(5) 86 6) 54 4) 21 4) -05(4) 29 4
0(4-) 63(5) 55 5) 65 5) 17 4) . 07(4) 26 4
N(11 43(5) 42 5) 45 5) 08 4') -15(4) 15 4
N  (12 49(5) 52 5) 56 5) 16 4) -09(4) 16 4
0(11 50(6) 40 5) 56 5) 10 4) 00(4) 06 4
0(21 45(6) 27 5) 57 5) 05 4) -05(4) • 05 IL
0(31 54(7) 61 7) 40 6) : 20 5) -05(5). 12 5
0(4-1 50(6) 67 7) 59 6) 25 5) -07(5) 11 5
0(51 62(7) 49 7) 62 7) 07 6) -19(6) -02 5
0(61 57(7) 55 7) 49 6) 12 5) -16(5) -05 5
c(71 97(9) 18 5) 76 8) -01 5) -25(6) 07- 5
0(81 79(9) 87 9) 46 6) 54 7) -01(6) 15 6
0(91 61(7) 53 7) 45 6) 21 6) 02(5) 12 5
0(10 ) 64(8) 74 3) . 61 7> 16 7) 09(6) 17 6
0(11 ) .'56(8) 82 9) 57 7) 15 6) -05(6) 24 6
0(12 ) 68(9) 66 7) 67 7) 11 6) 01(6) '29 6
0(13 ) 63(7) 41 6) 52 6) 05 5) -02(5) 20 5
0(12 45(6) . 55 5). 41 5) 11 4) -06(4) 09 4
0(22 53(6) 45 6) 51 5) 06 5) -01(4) 09 4
0(32 54(7) 57 6) . 47 6) 01 5) -15(5) 15 4
0(42 38(6) 46 6) 45 5) 04 5) -11(4) 17 4
0(52 52(7) 45 6) 45 6) 08 5) 02(5) 11 5
0(62 49(6) 45 6) 45 5) 10 5) -05(4) 20 4
0(72 60(8) 159 11) 25 6) 52 7) 10(5) 27 6
Table 19 - continued:
Atom . s w —22 -33 —12 -13 -23
C(82) 68(7) 80(6) 89(5) 08(5) -15(5) 17(5)
0(92) 58(7) 61(7) 62(7) 18(6) 03(6) 27(6)
0(102) - 58 (7) 63(8) 83(8) 18(6) -03(6) 2?(6)
0(112) • 55(7) 70(8) 82(8) 18(6) -18(6) 27(7)
0(122) 98(9) 60(8) 53(7) 23(7) -05(6) 18(6)
0(132) 67(7) 58(7) 55(7) 21(6) -06(5) 13(5)
— In the form; exp [-2 n2(U11h2
*o
a + U i 2, *2  ^22 b +
2 *
pp
+ dU^hka b + 2U^hla c + 2U2*klb c )]
3:^ :4- Discussion
The unit cell contains two molecules, unrelated by crystall- 
ographic symmetry, with the copper -atoms located on the . 
centres at 0,0,0 and 0,-^ ,-J. The centrosymmetric molecules 
are chemically similar but not identical. figure 9 shows-, 
a perspective drawing of both molecules and illustrates the 
probable hydrogen bonding between these and a water molecule, 
figures 10 and 11 give the bond lengths and angles of both 
molecules together with the numbering scheme employed.
The angles subtended at copper by the donor atoms are 
presented in Table 20, and Table 21 gi^es the non-bonded 
contacts with copper of less than 3*5 A. The equations of 
some least squares'planes and the angles between these are 
presented in Table 22.
The/copper stereochemistry is essentially the same in both 
molecules.. The pyridine-nitrogens and phenolic-oxygens 
are co-ordinated to copx)er in a square plane. A distorted 
octahedral configuration about copper is completed by the 
methoxy-oxygens, which are co-ordinated at an angle of ca.
Cu 2
0 4
Cu 1
Hydrogen Bonds
Figure 9 ; Cu(VJ2(py)2(H20) -  A View of Both Molecules and One
Water
82
1-208 81
(31)0
1-391
Molecule 1
Copper at 0 ,0 ,0
1-390
102
■459
131 112
121
Cu
122
111 132
i430(12)0
101
1-384 22
Molecule 2
Copper at 0,i/2,l/2
Estimated Standard Deviations
C u-0  0-006
1-375
Cu-N 0-009
C -0 0-012
C -N 0-014
c-c 0-016
(32)0
o
Figure 10 ; Bond Lengths, A
Cu(V)2(py)2(H20)
(31)0
120-8
Molecule
118-5)6131(115-5Copper at 0,0,0,
102
0103-4
131
^3^121
N 120-5
Cu
118-5 N
122
111 (119-0 132
107-4 0
101
22
Molecule 2
117-1)3262(118-1 Copper at 0,1/2,1/2
Estimated Standard Deviations
122-6)32
(32)0
Figure 11 ; Bond Angles, (°) 
Cu(V)2(py)2(H20)
Table 20 - Angles Subtended at Copper (°)
Standard deviations in parentheses
N(11)-Cu (1)-0(21) 88.7(3)
H(11)-Cu (1)-0(11) 89.1(3)
0(11)-Cu (1)-0(21) 74.5(2)
N(12)-Cu (2)-0(22) 89.4(3)
1T(12)-Cu(2)-0(12) 89.8(3)
0(12)-Cu(2)-0(22) 77.4(3) :
•S
o
Table 21 - lion-bonded. Contacts with Conner < 3.5 A
Cu (1) ’ Cu(2)
C(91) 2.989(12) C(92) 2.967(12)
C(131) 2.965(11) C(132) 2.998(10)
C(11) 2.305(9) C(12) ' ■ 2,832(9)
C(21) 3-055(9) C(22) 3.041(10)
• 0(72) 3.454(13)
■ . * o
Table 25 - Inter-molecul^r Contacts < 3.55A
0(d)-0(12) ' 2.787(11)- C(32)-0(31)'' 3.226'(15)
C(4)-0(11) 2.825(10) C(81)-C(81)" 3.330(30)
C(82)-0(31>" 3.173(13) C(71)-C(71):” 3.157(24)
0(11)-0(4)-0(12)' 113°
Related to the atom ox the asymmetric set (Table 18) 
through the molecular centre.
it
- Related to the atom of the asymmetric set through the 
centre at -J-, 0,-J-.' ‘
iit"
r Related to the atom of the asymmetric set through the 
centre at 0,--g-,0.
Table 22 Some least: Squares Planes
The planes are expressed in the form Px + Qy + Rz - S, where
x,y and z are fractional co-ordinates in direct space.
Deviations (A) of relevant atoms from the planes are given in 
square brackets.
Planed): 11(H), C(91-131); 3.4195x - 4.2998y + 11.7802z = 0.0308
[11(11) 0.0123, C(91) -0.0029, 0(101) -0.0052,
C(111) 0.0045, 0(121) 0.0048, 0(131) -0.0134]
Plane (2): 0(11-61); -7.3651x + 0.1682y + 11.3189z =0.6887 
[0(11) 0.0253, 0(21) -0.0240, 0(31) 0.0059, 0(41)
0.0102, 0(5.1) -0.0083, 0(61) -0.0091, 0(71) -0.4786,
0(81) 0.0597, 0(11) 0.0897, 0(21) -0.0594, 0(31)
0.2956]
Plane (3): 0u(1 ) ,0(11) ,11(11); -2.7058x + 8.8787y - 6.7568a = 0.0000
Plane (4): Cu(1),0(11),0(21); 9-7835x - 0.460Sy - 7-0527z = 0.0000
Plane (5): 11(12),0(92-132); 8.54?7x - 3.7984y + 5.5349z .= 1.0489
[11(12) .-0.0129, 0(92) 0.0100, 0(102) 0.0000, 0(1-12) 
-0.0069,' 0(122) 0.0043, 0(132) 0.00553 •
Plane (6): 0(12-62); 0.7182x + 8.6195y + 0.0504z -= 4.4170 :
[0(12) 0.0171, 0(22) -0.0126, 0(32) 0.0018, 0(42)
0.0041, 0(52) 0.0007, 0(62) -0.0111, 0(72) 0.1393,
0(82) 0.0227, 0(12) -0.0097, 0(22) -0.0068, 0(32)
0.0195]
Plane (?): -Cu(2),0(12),11(12); 10.4099x - 2.1224y - 3.0216z =
- -2.5720
Plane (8): Cu(2),0(12),0(22); 0.4453x + 8.77132'- 0.3761z =
4.1976
iieble 22 - continued:
Angles (°) between the --planes'
1-2 66 2-3 82
1-3 - 44 2-4 26
1-4 89 3-4 / 88
1-3 A 33 . 2-3 79
3-6 88 6-7 89
3-7 ■: 37 6-8 3
3-8 83 7-8 89
1-6 84 2-6 87
 ^(
15° to the z axis at s. greater distance than the in plane 
phenoilc-oxygens. This angular-•■distortion is imposed on
copper ty the phenolate ligands, (section 3:3;^ -).
There is a difference, in the:Gu-O(methoxy) bond lengths of 
the two molecular types which is statistically significant* 
This can be attributed to a packing effect. Table 23 
gives all the inter-molecular contacts of less than 3*35A. 
There is s. close contact between symmetry related methyl- 
-groups of type 1 molecules whereas no such contact exists . 
in the case of type 2. If the Cu-O(methoxy) bond length’ 
of the former was equal to that of the latter the distance 
between the methyl-carbons would be reduced. The Cu-H 
distances of. the two molecular types* exhibit. a difference 
which may be significant. If so this-can be attributed to 
the lengthening of the Cu-O(methoxy) bond of molecule 1 
producing a shortening of the Cu-H bond. ^
The C-G bond lengths of the aromatic rings show some variation 
but the differences are probably not significant. The mean 
C-G bogd lengths of the phenolate rings are 1.403 and 
1.406 A for molecules 1 and 2 respectively. Those of the ■ 
pyridine rings are 1.401 and 1.404 A.
The .two pyridine rings of each molecule are essentially 
co-planaf. However, whilst the phenolate rings of molecule-.
2 are almost co-planar, as shown by the small angle of 3° 
between planes (6) and (8), (Table 22), this is not the 
case for molecule 1 where the corresponding interplsnar 
angle is 26°, (planes (2) and (4), Table 22). This can 
be ascribed to the close contact of symmetry related 
aldehydic-carbons of typel molecules, (Table 23)* This .
contact whould be reduced considerably if the phenolate 
rings were co-planar.
This close approach gives rise to another difference between 
the two molecular types.- Whereas the aldehydic-oxygens 
of molecule 2 are adjacent to the 3-pos±tion of the phenolate 
rings, the carbonyl-groups of molecule 1 have been rotated
by ca, 180° around the C(41)-C(8T) bonds -and the oxygen
he ^-position of the ohonolat;
This prevents a very close contact between symmetry related 
aldehydic-oxygens of type 1 molecules.
"Molecule 1 is very closely packed into the lattice whereas
. molecule 2 is relatively unhindered.. This is probably .due
to hydrogen bonding between the phenolic-oxygens and the
oxygen of the water molecule,.0(4). This has close
contacts with the phenolic-oxygens of both molecules,
/ \ o(Table 23), csnd no others of less than 3*4 A'..- The»
0(11)-0(4)-0(l2) angle is also consistent with hydrogen
bonding-between-the water and both phenolic-oxygens,- This
gives rise to hydrogen bonded chains in the [011] direction.
•which- are composed of alternating mole'cu-lar types, and
-1probably produces a stabilisation of ca. 10 kcal mol 
The close packing of type 1 molecules is presumably necessary 
in order that hydrogen bond formation with both mo*lecular 
types is favourable.
3:5 The Molecular Structure of Bis(2',4,6-trichloronhehola'to) ’t i
ITtIT,i-T,IT -tetraiaethylethylenediaminecopoerCII) - Some 
Additional Calculations. •
103The preliminary report  ^of the. crystal and molecular 
structure of the title compound- grave neither the Gu-Cl 
distances nor the Cl-Cu-Cl angle for the o-chlorines .
closest to copper. These have been calculated from 
set of atomic co-ordinates^^ using a local program, 
(N.R.G. Crystallographic Programs, No. NRG - 12).
The■crystal data are'summarised below and the relevant 
atomic co-ordinates are given in Table 24.
1
3: 5 *• 1 Grystal Data
' ^ 18^?0^6^u^2^2 y' Honoclinic,
o o o
a = 26.76(2) A, b = 18.28(2) A, c = 15-93(2) A, .
p = 70.62(9)°, 5. = ^2,  Space group C2/c.
5:5:2 Results and Discussion
The bond lengths and some angles at copper are presented in 
Table 25. The Gu-Cl- distances, (Kean 5*07 A), -suggest that
there is no significant interaction between copper and 
the o-chloro groups.
■The stereochemistry at copper is best described as distorted 
square planar. The average polar angle, a (section 1:2:3), 
for both molecules is 84°, (cf. Table 2).
Jable 24 - Atomic Co-ordinates, (Fractional x 10 )
Atom x y z
Cud) 2287 4-475 2859
0(1) 1847 5622 5085
0(2) ' 2037 4877- 4045
;.(1) ■ ' 2676 ■ 4075 1610
:;(;?) 270s-  5418 2426
01( 1 ) 1173 4350 2935
01(4) 2803 3670 " 4120
Cu(2)* 0000 1702 2500
0(3)’ 0562 .1032 2034
H (3 ) *  0510 2526. 1885
01( 7 ) *  0378 1126 3968
jc -
Molecule with, copper on a 2-fold axis
o
Table 23 - Bond Lengths (A) and Angles (Q) at Corner
o
Standard deviations are approximately 0.02 A 
and 2°.107 . 4
Cu(1)~ 0 (1 ) 1.91 C u (2 ) -0 (3 ) 1 .89
Cu(1) - 0 ( 2 ) 1.93 ;
Cu(1) —xl (1) 2.05 C u (2 ) - I i (3 ) 2 .0 5
C u ( l ) - H ( 2 ) 2 .05
Cu(1) - G l ( l ) 3.02 C u (2 ) -C l ( 7 ) 3-03
Gu (1)-G1(4) 3.15
0(1 )-Cu(1 ) —1-T ( 2 ) 170° 0 (3 ) -C u (2 ) -N (3 > 168°
0(2)-Cu(l) - U ( l) 167°
C l ( l ) - C u ( l ) - C l ( 4 ) 136° 0 1 ( 7 ) - C u ( 2 ) - C l ( 7 ) _A O o
RESULTS AND DISCUSSION
Preamble.
Before proceeding to a discussion of the complexes it is 
pertinent to consider the relative donor strengths of the 
ortho-substituents of the various phenolate ions. The affect 
of the phenolic oxygen upon electron availability is a 
constant factor and will be ignored in the ensuing discussion.
Aromatic chloro-groups are not recognised as electron donors 
to metal ions. The 2-chloro-substituents would be expected 
to be particularly poor donors because they are prevented 
from unduly increasing their electronic charge by the other 
chloro-substituents. Hence the chlorophenolate ions are 
expected to be poor chelating ligands.
Guaiacolate should be the best chelating ligand amongst the 
alkoxyphenolate ions because the weakly electron withdrawing' 
methoxy-group has no competition for electrons from the 
aromatic ring, this should be followed by vsnillinate 
which is less stericslly hindered than bourbonalate and 
has a weaker electron withdrawing group in the oara-position 
than nitroguaiacolate. Although the donor strength of the 
ethoxy-group of.bourbonalate. is certainly greater than the' 
methoxy-group of nitroguaiacolate there is no criterion on 
which to assess the relative chelating ability of these ligands 
since either donor strength or steric hindrance could be ' 
the dominant factor.
Both crystal structures reported in this work show that 
even in the presence of pyridine the methoxy-groups are 
co-ordinated to copper(II). Therefore, unless evidence 
to the contrary is available, it is reasonable to assume 
that alkoxy-group co-ordination is the rule rather than 
exception. Hence most of the six co-ordinate alkoxypheno­
late • complexes reported here possess an int3?insic rhombic 
stereochemistry. However, this will.be ignored, and 
rhombically distorted octahedral stereochemistry■is 
defined as one in which the bond lengths to identical
donor atoms are significantly different.
finally, with the exception of the nitrophenolates, none 
of the ligands employed in this work show any significant 
. absorption below 27 kK. The spectra of the nitrophenolate 
complexes are all complicated by ligand absorptions, exemp­
lified by the reflectance spectrum of KlT.Ho0, which shows 
strong absorption in the visible region with a sharp cut 
off at 18.8 kK, Also, some spectra -with bands around 
7 kK are complicated by- a water vapour absorption which 
occurs in this region.
4:1 Cobeit(Il)
4:1:1 Electronic Spectra
The electronic spectral results for the cobalt(ll) 
complexes are presented in Tables 26 and 27 • Tn section 
1:3:^  a se  ^of criteria were established to distinguish 
different stereochemistries. The number of bands in '
some of the spectra reported here -suggest that the 
cobalt(II) ion may be in a five co-ordinate environment 
(cf. Table 5)* However, this possibility seems unlikely 
because the‘band positions correspond more closely to 
six co-ordinate complexes, (cf. Table 3)» and phenolate
ions have- never been shown to give five co-ordinate
8 102 • complexes with nickel(II) ’ “, (section 4:2),* orQ A QO
copper(II)^’ , (section 4:3).. V/ith the exception of 
Co (K) 2 (^2^)4. ’kke sPe°kra of these complexes exhibit three 
principle regions of absorption at 6-8, 12-17, and 18-22kK. 
This, together with the relatively low intensity of the 
near infrared bands, suggests an octahedral rather than 
tetrahedral environment for the cobalt(II) ion. Indeed,
these spectra are slmilarto those of oolymeric octahedral
*" 58CoX^X-py)^ complexes reported by Billing and Underhill.
In view of these observations the•spectra have been 
tentatively assigned in 0^ symmetry although the symmetry 
of these complexes must be much lower since six equivalent 
donor atoms are not present, and in a .theoretically
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rigorous assignment of the spectral hands the low
zj.
symmetry splitting of the T ^  ground state should not
he i g n o r e d . I n  accord 'with the results of Billing 
58and Underhill. , the hand is more intense than that
corresponding to v^ , which would not he expected in 
complexes possessing 0^ symmetry (section
The spectrum of Oo^^CHpO)^ unl ^ e remainder.
Only the transition may he assigned with any certainty 
because intense lig-nd absorptions obscure the others.
V/j occurs at higher energy and is relatively less intense 
than in the other soectra.
With the exception cited, all the spectra are similar,
(Figures 12 and 13), although the exact hand positions * .
vary with thevalue of Dq obtained from the nickel(II)
analogues (section 4:2:1). ■ The position of is the
least sensitive to the variation in Dq as would'be expected
- 7 56froxa the Tanabe-Sugano diagram for a dp ion. How-:
ever, this transition does occur at slightly lower energy 
in the chlorphenolate-pyridine complexes and at notably, 
lower energy in cis-octahedral CuXf^Oleen).
In accord with the values of Dq, the transition is
assigned to the hand around" 16.3 and 15.O kK in the
spectra-of the alkoxyphenolate and chlorophenolate .
complexes, respectively. The assignment of the split 
hand to v2 in the spectra of Co^O^py)^ and 00(7)2(17)2 xs no 
justifiable on theoretical-grounds. One component must 
he due to a spin-forhidden transition.which gains 
intensity by a borrowing mechanism and possibly by 
superimposition on the v2 transition.
The hand associated with the transition is split
in all the spectra, although in the case of the 
alkoxyphenolate-pyridine complexes the splitting simply • 
produces asymmetry to high energy'(Figure 12 ). All 
the spectral assignments yield reesoncsble ratios of
v2// V1 exceF^ ^^ lose ^or 2 an(^  ^0(3) 2 ^ 2 ^ 2 #
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In fact, .the weaker band around 14-.5 kE in the spectra of 
these complexes gives a ratio close to 2.1. However, 
this is not assigned to for a number of reasons.
The higher energy hand (16.5 EE) is more intense and 
therefore less likely to arise from a spin-forbidden 
transition, and there is a strong similarity in profile * ' 
between the two bands in each of these spectra and the 
corresponding bands around 15 and 12.5 kK in the spectra 
of the chlorophenolste complexes, (Figures12_and 13 ).
The assignment of the higher energy band to vp in’the 
latter spectra is confirmed both by the Vp/ ratio 
and the absence of tie lower energy band in the cis- 
octahedral Co(T)p(Ivieen).
The v ^ band in the diaquo complexes is split by a
significant amount and exhibits a low energy component
not observed in the sp ectra of Co(N)p(py)p Co(V)p(py)p ’
although the values of Da- are probably similar. In the
infrared both Co(V)p(HpO)p and Co(B)p(HpO)p show strong,
broad absorptions attributable to 0-H stretching modes.
In the former case the band is symmetrical and centred 
-1at 3)200 cm whereas that of the latter is a s y m m e t r i c
—1to low energy and;centred at 3)280 cm . The first' 
overtone of these bands could cause an apparent lowering 
in energy -of a component of the band. Some support,
for this hypothesis is found in the unusual band : - •
profile of these complexes. .
Finally, these apparently anomalous spectra could be a 
result of low symmetry splitting of the ground state.
Thus any rules derived from a theoretical treatment of 
a regular octahedral stereochemistry may be invalidated.
4-: 1: 2 Discussion.
Considerable distortion from regular octahedral stereo-'-' 
chemistry is evidently present in these complexes.
Although a five co-ordinate environment for the cobalt(II) 
ion cannot be completely dismissed, this would seem 
improbable for the reasons mentioned. Magnetic measure­
ments are unlikely to distinguish between five and six 
co-ordinate environments. Although five co-ordinate com­
plexes are known which have effective magnetic moments 
that are lower than those normally found for six co-
pa
ordinate environments d, others possess moments in the
26 67range expected for octahedral compounds 2 ’ r. .
All of the cobalt(II) complexes possess the same stoi­
chiometries -as their copper(II) analogues, with the 
exception of CoCV^^y^* However, since this could not 
be prepared by an aqueous technique a direct comparison
is unrealistic. The method of preparation described by
10Jbiedermann ana Ochwarzhans gave a dark green intractable 
tar. In fact they only reported the isolation of a few 
crystals, whereas the method reported here permits the 
preparation offgram quantities.
Probably the only alkoxyphenolate complex in which the
alkoxy-groUp is not co-ordinated is 00(11)2( ^ 0)^ ,
which has a markedly different spectrum. The lower
relative intensity' of the band suggests that the
cobalt(II) ion is in a much less distorted environment,
and.the higher energy indicates the presence of a - ' .
stronger ligand field. These observations can be
understood if all four water molecules are co-ordinated
with the exclusion of the methoxy-group from the
co-ordination sphere. Since nickel(II) and copper(II)
form analogous compounds they almost certainly possess
similar stereochemistries. As in the case of nickel(II)
8 102’ , thermogravimetric analysis showed evidence of an
intermediate dihydrate, but this vrs not isolated.
The ' structures of Co(V)2(py)2 snd Co (IT) 2 (py) 2 Q-re 
probably tetragonally or rhombically-distorted, like 
one or other of the copper(II) analogues. ■ However, in 
view of their very similar spectra, it seems likely that
the structures of the two cobalt(II) complexes are the 
same. The difficulty encountered in their preparation 
from aqueous solution may simply reflect a greater 
solubility relative to the aquo complexes. The facile 
preparation of the sparingly soluble chlorophenolate- 
nitrogen-base complexes supports this postulate, since, 
in the absence of a nitrogen-base, chlorophenolates were 
found to give soluble hydrated complexes. Cobalt(Il) 
is not -recognised as having a greater affinity for 
oxygen donors over nitrogen donors.
All of the chlorophenolate-nitrogen-base complexes 
appear to possess a distorted octahedral stereochemistry, 
in which it is unlikely that the ortho-chlorq-groups 
are co-ordinated because they are expected to be very 
weak donors. Therefore these complexes are presumably 
polymeric and contain bridging phenolete ions.
4:2 Nickel(II)
4:2:1 Electronic Epectra
In light of the discussion in section 1:3;2, the spectra 
of all the nickel(II) complexes are consistent with a 
weak field octahedral- stereochemistry, although the ■ 
nickel(II) ions cannot be surrounded by six equivalent, 
donor atoms.' It is not uncommon^ for nickel(II) to 
obey the average environment rule.^^ Table ^8 shows 
the spectral results together with assignments in 0^ 
symmetry. The reason for the asymmetry or splitting of 
the band attributable to vp has been discussed.
Taking intensity as a guide to the nature of a transition, 
the assignment of vp to a split band is only justified, 
in the case of .the anhydrous ciilorophenolate-pyridine 
complexes.
For the chlorophenolate conrplexes at room temperature DO.
-1is estimated as 700 -■ 710 cm , whereas for the
alkoxyphenolete-nitrogen-base complexes hi is in the
—1range 820 - 870 cm at room temperature. The spectra
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of the hydrated chlorophenolate-nitrogen-base complexes 
appear to exhibit a large splitting of in the order 
of 5 lvK. This is most pronounced in the spectrum of 
Ni ( T ) 2 ( py ) 2 ( ) /j_ (Figure 14 ) .
For ions having A^ ground states, graphs are available 
which depict the variation predicted by ligand field 
theory of the various transition energy ratios with 
BU/B and E( v^)/B. Using these it is possible to.cal­
culate the expected position of any one transition from
the experimentally observed position of the other two,110 
The following results were obtained for NiCT^Cpy^CfrpO)^.
(a) From v ^ and v ^
.B = 1000 cm""^  , v^ . (calc.) = 28100 cm~^
(b) From v ^ and v^;
B = 881 cm~^, v2 (calc.) =15500 cm”^
(c)
(d)
With the exception of (a), the calculated and experimental
results compare favourably.. In fact, the agreement'is
110as- good as obtained for the hexaquonickel(II) ion. 
Therefore the low energy absorption (Figure ^ ) is not 
a d-d transition, but is due to some other effect. The 
infrared spectrum of ^(^^(py^Oi^O)^ shows a very broad 
absorption in the 5000 cm” region, with maxima at 2860, 
5120 and 5530 cm”^.• The first overtone of these bands' 
could give rise to the broad absorption.
For the hydrated chlorophenolate - nitrogen - base
-1complexes Dq is estimated at 920-960 cm at room temp­
erature .
From v 2 and v ^ ; •
B = 852 cm"\ v/j (calc.) = 9900 cnf^
—1From B = v ^ +  v -7 -  5 v 1 , Dq = 96O cm ;
-1 -1B = 88? cm” ', v2 (calc.) = 15650 
(calc.) = 26500 cm~^
5
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4:2:2 Discussion
In section 2:2:2 the hydrated, chlorophenolste-nitrogen- 
-base complexes were formulated s.s diaquo dihydrates.
An alternative formulation, as ionic complexes with all 
four water molecules co-ordinated, is possible. 
Thermogravimetric analysis of ITi(CD)^ (Keen ) (HpO)^  shows 
no evidence of an intermediate hydrate, providing 
tentative evidence which is not conclusive for the ionic 
■■formulation, especially since chlorophenolate ions give 
polyhydrated nickel(II) complexes in the absence of a . 
nitrogen-base.
Conductivity measurements of ethanol/wa.ter solutions of 
these complexes would probably distinguish between the 
possible formulations, especially if carried out in 
conjunction with solution spectral studies in order that 
the possibility of a change of structure- on dissolution 
could be eliminated. There have been no substantiated 
reports of the ITi(py) 2(^20)^ ‘ ion.
ITickel(II) is unique amongst the three metal ions studied 
in forming these hydrated chlorophenolete-nitrogen-base 
complexes. ' This'may reflect a reluctance of this 
metal ion to adopt a very distorted octahedral environment.
In view of their weak donor properties it is unlikely that 
ortho-chloro-groups are co-ordinated in the anhydrous 
chlorophenolate-pyridine complexes. A polymeric 
structure, with the phenolic oxygens bidentate and bridging, 
is almost certainly present. A yellow complex, presumably 
of similar structure, is formed when NiCT^CHeen) (IL^ O)^  
is dehydrated, but this was not characterised.
The values of Dq for the alkoxyphenol^te-nitrogen-base 
complexes are of the same magnitude as those of the • * 
alkoxyphenolate hydrates previously reported.^ There 
are two possible explanations for this observation.
In light of the evidence available, it is almost certain 
that the methoxy-groups are co-ordinated in the hydrates,
with the exception of'Itfi'CiO^ CH^ O)^ . Either the methoxy- 
groups are not ‘co-ordin-ted in the nitrogen-base complexes, 
and the phenol ate ions are biaentate but bridge through 
the phenolic oxygens, or the nickel-oxygen (methoxy) 
bond length is longer in these complexes. The ‘evidence 
suggests the latter explanation.
Dq for the alkoxyphenolate-nitrogen-base complexes is 
considerably larger than for the corresponding chloro- 
phenolate conrpounds, which must have a bridged polymeric 
structure. It is unlikely that the donor strengths of 
the phenolic oxygens differ appreciably between the two 
groups, therefore the magnitudes of Dq indicate a 
dissimilarity of structure.
The value of Dq increases in the sequence;
Ni(N)2(Heen) < Ni(h)2(py)2 < NiCV.^Cpy^*
Vanillinate has been established as a better chelating • 
ligand than nitroguaiacolate. Therefore, the nickel- 
oxygen (methoxy) bond.length would be expected to be ' . 
slightly shorter in EiCO^Cpy^* resulting in a stronger 
ligand field. The steric hindrance in NiCl'T^C^een) 
must be greater than in NiQOpCPI^g ’ "^us nickel- 
oxygen (methoxy) bond length of the former would be 
expected to be somewhat longer, accounting for the • 
relative magnitudes of Dq.
10When the preparative method of Biedermann and Schwarzhans 
was applied.to Wi(E)2(py)2 a green intractable tar was 
obtained. Several facts indicate that the pure sample 
of this complex eventually obtained (2:2:2) is not the 
green solid isolated In poor yield by these workers.
Their compound was stable in deuterochloroform, whereas 
chloroform, and benzene solutions of that reported here, 
undergo slow decomposition to give an insoluble, non- 
stoichiometric, yellow powder. Pyridine stabilises 
these solutions but also causes a colour change from 
pale green to emerald green. Subsequent concentration 
gives a green intractable tar.
An emerald green solid was isolated from a solution in 
benzene, containing just sufficient pyridine to prevent 
decomposition, by careful addition of light petroleum .
(100 - 120°) to the hot solution until a slight permanent 
turbidity persisted, followed by sufficient benzene to 
give a clear solution. On cooling a microcrystalline 
solid separated. Subsequent nickel analysis showed the 
solid to' be impure, but indicated a closer correspondence
to l\Ti(V)2(py)Z|., (+6.7% error) ,than Ni(V)2(py)2? (-22.4%
error). If Biedermann and Schwarzhans obtained a sample 
of Bi(V)2(py)^, which is very likely by their preparative 
method, this explains the apparently anomalous n.m.r. 
results they report for Co(V)2(py)2 aG(^- "^("^^(py^" 
(section' 1:1:1).
4:3 Cooper(II)
4-• 3:1 Electronic pLeflectance Spectra
The diffuse reflectance spectral results for the copper(II) 
complexes are collected in Table29 . The spectra have 
been divided into three major types, a classification 
which is more distinct at liquid nitrogen temperature, 
although there are borderline cases as might be expected. 
These divisions have been.made in terms of band profile, 
relative intensity, and band positions.
Type 1 Spectra. These exhibit two bands in the 
regions 12,3 - 14.2, and 16.4' - 18.0 kK, the latter the 
more intense, (Figure 15)* — low temperature spectrum
of Cu(V)2(py)2(^2^ S-10WS an additional poorly resolved 
shoulder at 18.1 kK. In section 1:3=3 a set of criteria 
were established to distinguish different stereochemistries. 
These'spectra suggest a tetragonally distorted octahedral 
stereochemistry, although they are atypical in that the 
two bands are separated by less than 4kK and are both 
resolved at least at liquid nitrogen temperature (cf.Table 
7). Knowledge of the structure of CuO'T^^y^O^O) 
permits the assignment of a tetragonally distorted octa­
hedral stereochemistry to all the complexes having type 1 
.spectra.
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Type 2 Spectra. An intense charge transfer tail 
which partially obscures the d-d transitions differentiates 
type 2 spectra iron type 1, (figure 16). , Although the 
charge transfer band maxima are not generally at lower 
energy than in the other spectral groups, except where a 
direct comparison is possible as between CuOT^O'TeenXH^O)^ 
and its black anhydrate., the low energy charge transfer 
tail suggests that these', complexes are four co-ordinate,, 
(section 1:3:3)» Indeed, Cu(l).2(Meen) has been shown to 
have a slightly distorted square planar stereochemistry,
(section ;3* 5)•
All of these spectra display a shoulder in the 13.4- - 
-14-.9 kK region, which is resolved at liquid nitrogen 
temperature in the case of Cu(f ^ ( aH,,)^ . • The position 
of this suggests fairly small deviations from square 
co-plenar stereochemistry, (cf. Table 8). The additional 
lower energy band in the spectrum of Gu ( P 2(iiH3)2 points 
to a larger tetrahedral distortion than is present’ in the 
other complexes. ■ . ■
These assignments must be considered tentative in some 
cases since ^he division between tetragonally distorted 
octahedral and square planar stereochemistry is not sharp, 
and a sharp division of spectral type would not be 'expected-. 
Hence, the shoulders around 18 kK and the relatively weaker 
charge transfer tails in the low temperature spectra of 
Cu(T)2(HH^)2, and CuQT^DJH^Jp j (Figures l^and'17 ), may 
be indicative of a very tetragonally distorted octahedral 
stereochemistry. At lower temperatures both d-d bands 
in these spectra might be resolved such that choosing 
liquid nitrogen temperature as a dividing line is rather 
arbitrary. .
The spectrum of Cu(H)20^eer0 (^2 )^ may complicated by a 
ligand band, (Figure 17)? "but in view of the shoulder . . 
at 16.4- kK in the low temperature spectrum the above comments 
apply... Also, the differences between this spectrum and 
that of the benzene adduct may reflect structural differences
'\ 1B
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CO
-9 Figure, 17 ; L.T. Reflectance Spectra o f; A-CufNyMeenMCgHjCH^)
B—Cu f N)2( Meen) (H^O)
^ ------\  C-Cu(N}2(Meen)(H20)fC6H6)
\ / \ D-Cu(NC)2(Meen)
\  E-Cu(N)2(NH3)2
but such deductions should be treated with caution since 
the spectrum of.'CuCN^CHeen) (E^O) diluted with lithium 
fluoride shows shoulders at ip.O and 18.7 kk.
Type 5 Spectra. The characteristic feature of type 
3 -spectra is a relatively intense, asymmetric band in the 
region 13*0 - 13.4 kK, (figure 18 ). High frequency shoulders 
are evident in all the low temperature spectra except that 
of CuCPO^Cpy^ which shows two additional resolved bands.
A relatively sharp band at 8.7 kK in these sxeectra can be 
assigned to an infrared overtone since it also appears in_ 
the spectra of C u C / ^ ^ y ^ ^ ^ O )  and CuCV^Cpy^CC^g) •
Whereas the band positions in type 3 spectra suggest a six 
co-ordinate environment for the copper(II) ion, (cf. Table 
7), the band profiles are uncharacteristic. However, . 
since a crystallographic examination has shown QuCl'OpCPFOp 
to possess a rhombically distorted octahedral stereo - 
chemistry, this may be assigned to the rest of the group.
Other Spectra. The remaining four complexes have 
spectra which are dissimilarto the three groups and each 
other. At room temperature, red CuCV^G'leen) displays 
three bands in its electronic spectrum at 7*0, 10.2, and 
13.5 kK. An-additional shoulder is evident at low temp­
erature, (Figure 19 ). The low energy and high relative 
intensity of these bands point to an essentially tetra- • 
hedral environment for the copper(II) ion, (cf. .Table 8)'.
The absence of any significant charge transfer tail is 
difficult to explain, although this absence is also found 
in square co-planar complexes, (section 1:3:3 and Table 8).
The spectrum of Cu(B)2 '(KH^ ') (^0) shows a broad asymmetric 
absorption which consists of at least three components,
(Figure 19). It is unlikely that this complex has a 
distorted tetrahedral structure because the centre of 
gravity of the absorption b:ands is at higher energy than . . 
that of tetrahedral Cu(V^Odeen) although the ligand • 
field must be weaker. A flattened tetrahedral structure 
can be dismissed because the.spectrum'of Cu(B)2 (NH7)(HpO)
>-Q.
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.displays a weaker, charge transfer trail than either that of 
red GuCV^CMeen) or type 2 spectra, whereas it would be 
expected to be intermediate in intensity. This complex 
may possess rhombically distorted octahedral stereochemistry 
in view of the similarity between its spectrum and that 
•of dibarium copper(II) formate tetrahydrate wh'ich has 
a slight rhombic perturbation. Alternatively, a five 
co-ordinate environment for the copper(II) ion is possible, 
(cf. Table.9)• '
The very broad, intense absorption in the spectrum of 
Cu(iT)2(heen)(G^H^CGH^)^) may be indicative of a rhombically 
distorted octahedral stereochemistry, especially, in view 
of the similarity in profile of the low temperature 14 kK 
band with that around 13 kK in type 3 spectra, (Figures 17 
and 18). However, the high energy components are relatively 
more intense in this spectrum, and type 3 spectra show much 
less temperature dependence. A square co-plsnar stereo­
chemistry is also possible since the room temperature • .
spectrum of bis(N-isopropylsalicylaldiminnto)copper(II) 
shows a broad band from 13*2 - -16.7-kK, (Table 8), although 
this requires N-substituted salicylaldimines to exert 
stronger ligand fields'than the ligand systems studied 
in this work.
Finally, GuQ'TC^(Keen) displays a strong, symmetrical band 
around 14 kK, (Figure 17 ). The band around 19 kK is . • ' - . 
probably due to the.ligands, although it could also contain 
■ a d-d transition. This complex may possess square
co-planar stereochemistry, (cf. Table 8), although this 
again requires a weaker ligand field than found in 
■ N-substituted salicylaldimine complexes.
3:2 Electronic Solution Spectra
The electronic spectra of CuOl^O’Ieen) ? £.nd Cu(T),p(py)2 
were'recorded in benzene, and that of Cu^T^CpyOg 
chloroform, over a range of concentrations. Although 
volumetric glassware was employed, the solutions were 
not thermostatted, and therefore the measurements can 
only be considered to be semi-quantitative. Nevertheless,
the results are still very significant. All extinction
- 1 - 1coefficients quoted are in units of 1 cm mol
The solution spectrum of CuCT^O'ieen). displays a band at
20.3 kK, ( e = 2,780 - 80), with a shoulder at 13*1 kK,
( g = 145 i 5)- Both bands obey the Beer-Lambert law over 
the concentration range employed, (0.00310 - 0.00025 K) .
An additional shoulder around 29 kK was not studied. The 
results suggest that this complex maintains essentially 
‘the same stereochemistry in solution as found in the so^id 
state.
The spectrum of CuCN^CpyOp skows two bands. The first, 
around 28 kK, ( £ y' 16,300) , was too intense to be studied 
in detail over the concentration range employed, (0.00324 - 
0.00026 M)o This is probably a ligand band since the 
reflectance spectrum•of KK.H^O displays a strong band at
28.3 kK. The position of the second band appears to be 
concentration dependant, varying from 14.3 kK, (0.00324 H), 
to 15.4 kK, (0.00026 K),and appearing as a shoulder in the 
Tatter case. The band is also asymxaetric to low energy. 
Despite these variations in  ^ x, Beer-Lambert1s law is 
obeyed, ( c = 137 - 4-). These results all suggest that 
this complex is approximately square-planar in solution.
The spectrum of CuC'T^Cpy^ exhibits two bands at 22..2 and 
13.1 .kK together with a shoulder around.29 kK which was 
not studied. • The 13«1 kK band is asymmetric to high 
energy and the 22.2 kK hand slightly so. The Beer-Lambert 
law .is not obeyed by either of the resolved b-nds over the 
concentration range employed, and the 22 kK band undergoes 
a slight shift to higher energy at low concentrations.
The results are summarised below.
t .(kK) ■ —miax £ c(M) v (kK) — max £
,22.2 1,260 0.00337 13.1 200
22.2 1,150 0.00168 13.1 170
22.2 860 0.00067 13.1 130
22.6 630 O.OOO34 13.1 80;
- Too weak to me a.sure accurately with the appa:
a
Similarities between the solution and solid state spectra 
indicate a likeness of structure in both states, which, may 
be- associated, in view of the deviations from the Beer- 
— Lambert law. No -new bands are evident at low concentrations.
4-: 3 *• 3 Hagnetic Measurements.
The magnetic susceptibilities of four complexes were
determined over a temperature range betv/een room and liquid
nitrogen temperature. The complexes studied-were
CuCOpCpjOpCHpO) , cu(T)2(iieen) , Gu(N)2(py)2, and
Cu(B) fNH-,-) (Ho0). The results are summarised in Table30 ,2 P k
and are consistent with complexes having magnetically 
isolated copper(II) ions.
The very small v/eiss constants indicate that magnetic 
exchange is minimal. In fact, since the Gouy balance . 
system was'operated at the limits of its sensitivity, 
these small Weiss constants are not likely to be meaningful, . 
and the complexes can be said to obey the Curie law over 
the temperature range studied.
G:3*G Discussion.
(a) Tetragonal-octahedral.complexes
The structures of CuCVjpCNH^)^, snd Cu(7)p(py)p(GgHg) are 
probably very similar to that-of Cu(V)p(py^2 2^^ ’
the vanillinate ions bidentate and chelating. The 
hydrogen bonding in the latter complex is clearly not an 
important factor in determining the copper(II) stereochemistry.
Hydrates. Two of the tetragonally distorted octahedral 
complexes, namely Cu(N)p(NH ^'(HpCOp and Cu(v)p(meen)(HpO)^, 
may possess .co-ordinated water molecules, since on de - 
hydration marked differences are observed in their electronic 
spectra. However, this does not necessarily preclude 
methoxy-group co-ordination because a structure in which this 
is present could be significantly stabilised by.hydrogen
o
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bonding involving un-co-ordinated water molecules.
Uitroguaiacolate gives six co-ordinate tetra-aquo complexes
with copper(II),^ nickel(II)and cobalt(II). The
methoxy-group of this ligand is probably one - of the weaker
donors amongst the ligands studied, hence it is quite
■possible that all four water molecules are co-ordinated,
102■although Jones tentatively inferred methoxy-group 
co-ordination for the copper(II) and nickel(II) complexes. 
Probably the best evidence for the co-ordination of all 
four water molecules in these complexes is supplied by. 
00(102(^2^ 4’ (sec^i°n 1*2). This, coupled with the 
behaviour of GuClT^CkH^^CH^O^ on -^ei:lydration, points to 
the nitrogusiscolate ions being monodentste in all these 
complexes.
In the case of CuCV^Ckeen)(^0)^ the situation is not so 
clear. The phenolic oxygens must be co-ordinated because 
the spectrum displays characteristic low energy charge 
transfer bands. Therefore only two of’the water molecules 
can possibly be co-ordinated,'as was inferred in the 
formulation given in section 2:2:p. Thermogravimetric 
analysis gave no indie tioii of an intermediate hydrate, 
which is tentative evidence for methoxy-group co-ordination. 
However, the two d-d'bands in the spectrum of this complex . • • 
only.appear as shoulders at room temperature, which indicates■ 
a large tetragonal distortion. Hence co-ordinated water 
molecules might only be weakly bonded.
Steric hindrance. Whatever its structure,
CuCV^Ckeen)(^0)^ complex would be expected to be very 
sterically hindered.■ It is significant that this is 
the. only tetremethylethylenediamine complex which has a . 
type 1 spectrum, and, with the exception of guaiacolate, . 
vanillinate is ‘the best chelating ligand amongst those 
studied. Preparation of the guaiacolate analogue was 
not attempted, but the bourbonalate complex could not be 
prepared. The green isomer of previously
9reported by Bullock and Jones, was obtained. This is 
tentative evidence for methoxy-group--co-ordination, '.since 
the greater steric hindrance expected in the bourbonalate 
analogue could prevent simultaneous complexation of the 
ethoxy-groups and the tetrsmethylethylenediamine. "
The d-d bands in the room temper endure spectrum of
Cu(B)2(NH^)2 appear as shoulders, which suggests a large
tetragonal distortion. The bulky ethoxy-groups are probably
responsible for this, since a similar effect has been
1112found in: alkoxyacetate complexes. ’ This diammine
could not be prepared by an aqueous method, when 
Cu CB^CEE^)(H^O) was obtained, These ammines are spectrally 
and therefore structurally analbgous to the orange and
9
OJLJ J . ' C U U i ' O C U .
s tetrahedral
this seems unlikely, (section '4*;3?1)«
green isomers of Cu(B)p(HpO)p previously reported
102Jones suggested the orange form wa , but
The water molecule in Cu CB^CrH^)(H^O) may not be co-ordinated, 
but merely:hydrogen bonded in the lattice, since this . 
complex is formed under preparative conditions which give 
diammines with other phenolate ions, and ammonia is a 
stronger donor than water. This would give a five co­
ordinate stereochemistry but relieve the steric hindrance. 
Alternatively, if thewateris co-ordinated this would . 
produce a large rhombic distortion. If this is the case p 
the orange dihydrate is required to have unequal copper- 
-oxygen (water) bond lengths.- Both these possibilities
require orange Cu(B)p(HpO)p 'to possess non-equivalent water
- 102molecules, although Jones did not report thermogravi-
metric evidence for this. Unlike the dihyrate, it has 
proved possible to prepare good single crystals of 
Cu^^OTH-^XH^O) rby a modification of the preparative 
method. A crystallographic examination will resolve this 
problem.
(b) Square, planar complexes
Bor Cu(NC)p(iIeen) , a square co-planar stereochemistry ’Is 
most likely In which the nitrocresolate ions are monodentate. 
No nitrocresolate complex could be isolated with pyridine 
as the nitrogen-base.
Tetrahedral distortion. Black Cu(V)p(Meen) , and
stereochemistry in which the phenolate ions are monodentate. • 
The larger tetrahedral distortion of the latter complex • 
can be attributed to the bulky pentschlorophenolate ions. 
Additional evidence for the structure of Cu(V)p(ileen) 
is the solid state rearrangement to give the red tetrahedral 
isomer in which the phenolate ions must be monodentate. 
Clearly, the bonds to co-ordinc?ted methoxy-groups would 
need to be broken in this rearrangement, in which case it
would be expected to be much less facile. The non-co-
ordin.'tion of the methoxy-groups in this case does not 
exclude this^possibility in the hydrated complex, since • 
this could simply be stabilised by hydrogen bonding. ; •
17eak tetragonal interaction. If Cu(T)p(rTH^)2,
Cu(ll)p(iTH^ )p, and Cu(N) p(kieen) (HpO) have distorted square . 
planar stereochemistry the phenolate ions must be monodentate. 
However,, if these complexes possess very' tetragonally • 
distorted octahedral stereochemistry then the phenolate •
ions are probably biaentate and chelating, although the 
possibility exists that the trichlorop>henol^te ions are 
bidentate and bridging. In the absence of crystallographic 
evidence the structures of these complexes is a. matter for 
conjecture.
• Hydrates and solvates. - For Cu(N)p(ileen) (HpO) the 
situation is further complicated because the role of the 
water molecule is uncertain, It may be co-ordinated or 
involved in hydrogen bonding similar to that found in 
CuCvOpCpy^CHpO) . The possibility that it is hydrogen 
bonded to the nitro-groups, which must be in close proximity,
is unlikely because neither Cu(lTC)p(iieen) nor NiClOpCHeen)
arc hparauou. xhis proDxem coujlcl pruoaul^ y do iini.j logd.
by preparation and characterisation of the anhydrate.
Recrystallisation of GuXT^O-een)(HpO) from benzene does 
not remove the water, which suggests fairly strong bonding, 
although it.can be removed by recrystallisation from xylene 
However, in both cases solvates are obtained. . The benzene 
adduct may have a distorted' square planar stereochemistry, 
in which the nitroguaiacolate ions are monodentate and the 
water cannot be co-ordinated. Such a deduction from the 
spectrum must be considered as tentative, (see preceding 
section). The spectral differences between Cu(N)2(Meor.) (H 
and the xylene adduct indicate different stereochemistries 
for the copper(II) ion. It is unclear whether this is 
due to dehydration on recrystallisation, or distortional 
influences of the xylene, which may be considerable.
The isomer of xylene could not be identified;
Rhombic-octahedral complexes.
Alkoxyphenolate complexes. The structure of 
Gu(3)2(py)2 is probably very similar to that of 
GuQT^Cp^p’ ^ie bourbonalate ions bident ate and
chelating. The differences in structure between these 
complexes ancL C u X V ^ ^ y ^ C ^ ^  probably reflects the better 
donor properties of the vanillinate methoxy-groups.
Ghloronhenolate complexes. The chlorophenolate-
-pyridine complexes must either be monomeric, with the
2-chloro-groups occupying the fifth and sixth co-ordination
sites, or polymeric,' wTith unsymmetrical bridging through
the phenolic oxygens. Solution spectral studies strongly
• ~ 2|. support the latter, although Harrod reported that the
22 kK band of Gu(T)2(py)2 obeys the Beer-Lambert law in
benzene. However, he also noted that in alcoholic
solutions the band position is shifted to 25 kK with a
molar extinction coefficient of approximately half that
in benzene; results he'considered to be anomalous.
These can be understood in terms of an associated structure.
.Conclusive in?oof of an associated species in solution would 
be provided by molecular weight studies, whereas a single 
crystal' X-ray crystallographic examination would provide •, 
unequivocal evidence for the solid state. The latter is 
at present in progress.
Guaiacolate complexes.
Although 110 stable guaiacolate-nitrogen-base complexes were 
isolated, the behaviour of this ligand is significant,
The pyridine complex obtained gave a very similar electronic 
spectrum to GuCV^Cpy^CH^O), and a single, symmetrical 
peak in the infrared around 3>350 cm~^ like the vanillinate 
analogue. However, satisfactory analytical data could . 
not be obtained for the guaiacolate complex, which decomposed 
to give a light-brown solid having an identical electronic 
spectrum to CuCG)^.^^
No guaiacolate ammine could be isolated by the general; 
method, (2:2:3)* When Cu(G)^ was suspended in dry 
pentane and anhydrous ammonia was passed over the vigourously 
stirred mixture the solid became light green over a period 
of about ten minutes, after which no further colour change' 
was observed. The solid was filtered off by suction in 
a stream of dry nitrogen. The product, a light green 
powder, smelt strongly of ammonia, and reverted to CuXG)^ 
within two hours.- However, its electronic spectrum was 
typical of a tetragonally distorted octahedral complex, 
and peaks attributable to N-H stretching modes were observed 
in the infrared at snd 3 >3^ -0 cm
1 o? ■Jones assigned CuCG)^ a tetrahedral stereochemistry « 
on the basis of its electronic spectrum,.which is similar 
to that of red Cu(V)Q(Iieen). -However, he considered the
.■methoxy-groups'were not co-ordinated, preferring a polymeric 
structure'- with bridging through the . phenolic oxygens, 
in order to explain the anti-ferromagnetism displayed by 
this complex. Inblight of the present work this is open
to criticism.
Guaiacolate ought to be a better chelating ligand than 
vanillinate, and since the methoxy-group of the latter is 
co-ordinated in the presence of pyridine It is likely that
the guaiacolate ions are bidentate and chelating in Cu(G)p.
102 • Amongst the complexes reported by Jones, this was the■
only one to display a molecular ion in its mass spectrum,
which may be indicative of a large degree of covalent
. bonding.
The Relationship Between the Stereochemistry and Electronic 
Spectra of Copper(II) Phenolate Complexes.
A remarkable feature of type "1 spectra, (12.5 - 18.0. kid), 
is their similarity to those of the alkoxyphenolate-aquo •
9 •
complexes, the only difference being the energy at which 
the d-d bands are observed. . This'implies that, whereas
the energy separation between the ground state, (presumably
3 5 \  ~ •dx2 2^)* and' excited states is larger in the .nitrogen-base
complexes,' the ordering of the excited states is approximately
the same in both cases. It is not possible to explain •'
this observation in terms of an increased tetragonal
distortion because the equatorial ligand fields of the two
groups must be different, and copper(II) electronic spectra
usually vary considerably with ligand field strength. ^
An alternative explanation is that the relative order and • 
separation of the excited states is determined by the phenolate 
ions, possibly through t t-bonding with the phenolic
36
oxygens. Hatiiaway has observed that t t-bonding 
primarily influences the separation and ordering of the 
clxy5 dxz and d^z levels, and therefore the relative energies 
of these levels could remain essentially constant within
the two groups of complexes. The stronger equatorial 
ligand field and larger tetragonal distortion in the 
nitrogen-base complexes would account for the shift of 
these orbitals and the 1^2 orbital to higher energy.
The copper(II) microsymmetry in CuXiOpCpiOp and CuCOp^y^OlpO) 
shows only one major difference. The'copper-oxygen(methoxy) 
bonds of the former are slightly longer than the latter, 
and also unequal in length. The reflectance spectra of 
these complexes show bands of similar energy but very 
different profile.
Type 3 spectra are uncharacteristic of copper(II). in a 
distorted octahedral environment. The position of the 
most intense band in these spectra is almost invariant, 
although two of the complexes in this group possess co-ordinated 
alkoxy-groups whereas the chlorophenolate complexes are 
probably polymeric -with bridging phenolate ions. Further­
more, bis(2-nitrophenolato)bis(pyridine)copper(II) has a
"type 3 spectrum whereas bis(2-nitroohenolato)diamminecopper(II)
112and its methylamine analogue possess type 1 spectra-.
There is infrared evidence for nitro-group co-ordination 
in these complexes. It seems improbable that the differences 
between spectral types 1, and 3 are entirely due to ' • 
differing tetragonal.distortions, and the considerable 
similarity between all type 3 spectra suggests there must ' • 
be another important factor.
The molecular geometry of ■ CuOT^Cpy^ is considerably more
distorted than that of Cu(V)p(py)„('HpO) . Of particular
ointerest is the angle of 70 between the planes of the 
pyridine rings, in the former compared with the essentially 
co-planar geometry, of the latter, which suggests that the 
bonding role of the pyridine in these two complexes may 
be different.
Significantly, with the exception of CuCOp^y^OlpO) and 
its unstable guaiacolate analogue, type 3 spectra are ,
restricted to the pyridine complexes. This suggests that
the pyridine .nitrogens'may be involved in n-bonding with
the copper(il) ions, thus influencing the separation and
ordering of the d , d , and d levels, and thereby ° xy xz ’ yz ’ d
.accounting for the similarity of all type 3 spectra despite 
the diverse nature of the phenolate ions forming these 
complexes.
3 5Hathaway and Billing  ^have suggested that v-bonding may 
be important in some copper(II) complexes. They conclude 
that the electronic consequences of TT-bonding are relrtively 
small compared, to a-bonding, and hence the former is 
difficult to establish. The present work suggests that
tt-bonding may be important in some six co-ordinate copper(II) 
complexes, and although its affect on the energy .of the 
transitions is minimal, it may considerably affect the 
relative ordering and separation of the excited levels, and 
hence the observed spectrum. Such deductions based on 
the limited evidence available must be considered tentative.
Further work on these phenolate complexes is desireable, 
utilising other potentially n-bonding ligands such asi
2,2 -bipyridyl,1,10-plienanthroline, ana especially substituted 
pyridines having different .n-acceptor properties.
Concluding Remarks. .
The donor properties of these phenolate ions play a major 
role in determining the stoichiometry and stereochemistry 
of the copper(II), and to a lesser extent, cobalt(II) and 
nickel(II) complexes. The importance of the qrtho-alkoxy 
substituent decreases as the donor strength of the. neutral 
ligand increases. Thus, it is possible to prepare CuO-ICj^Heen) 
but not the’ pyridine analogue. The chloro-substituents 
probably serve to stabilise the chlorophenolate ions against 
oxidation, since pure 2,4—dichlorophenol-te-pyridine complexes 
could not be obtained.
APPENDIX
The Final Observed, (Fo),. and Calculated, (Fc), Structure Factors 
for bis(2-iaethoxy-^-nitrophenolato)bis(pyridine)copper(II)
L
oVXoPh Fc x
0,0,L
2. 2151 2041
0,2,L
0 1348 1036
1 566 ~ 707
2 556 690
3 819 - 827
4 883 838
0,4,L
0 1731 -1649
1 ■ 1795 1910
2 1578 1619
3 286 - 199
4 1440 1172
7 561 - 543
0,6 ,L
0 1584 1259
1 1671 1667
2 453 433
3 658 - 530
7 . 608 - 565
0,8,1
1 584 483
2 739 688
3 456 -.439
4 725 752
3 426 ■ - 448
0,10, L
0 338 816
1 . 381 - 335
5 444 - 98
0 445 319
■■Q,12,L
2 599 684
4 532 - 616
3 446 - 496
1 Fo x 10
0,14, L
Fc x
0 454 - 407
4 567 . 
1,0,L
615
0 454 - 407
4 567
1,0,1,
615
2 644 508
6 852 
1,1,L
-1090
1 2052 2213
2 • 779 709
3 236 252
5 595 497
7 533 
1,2, L
- 214
2 993 - 908
4 432 - 487
5 937 - 895
6 715 - 657.
1,3,1*
1 2141 2081
3 497 496
5 449 194
1,4,1*
1 2962 -2843
2 722 - 680
3 391 - 417
4 969 -1025
6 427
1,5,1*
- 310
1 301 337
2 433 - 371
3 1040 1075
4 358 - 479
L Fo x 10 Fc x 10
2
1,8,1
929 832
3 383 - 718
4 693 - 645
1
1,7,1
983 896
2 474 373
3. 458 476
4 845 - 860
5 719 702
6 489 - 481
1,8,1
2 1353 -1276
3 436 - .469
1
1,9,1
531 458
6 448 - 399
1,10,1
1 847 - 919
2 • 9 34. • - 992
1,12,1
1 ' 483 - 412
2 599 602
4 429 - 409
1,16,1
1 475 - - 471
2,0,1
0 1099 760
2 568 '- 443
4 433 ■ - 443
6 430 • - 501
‘ J  (
2,1,1 2,8,1 •3,4,1
1 1268 -1370 1 846 - 0^5 1 950 952
2 1547 1494 2 1143 1229 4 467 • - 268
5 375 - 307 5 460 - 348
5 950 - 958 2,9,1 6 657 - 674
7 596 - 535
1 621 - 546 3,5,1
2,2,1 2 429 - 507
4 437 - 405 3 1286 -1322
0 385 ' 238 • 4 750 809
1 1285 ' 1340 2,10,1 .
2 338 289 3,6,1
3 483 448 0 715 658 •
5 383 - 256 3 688 - 738 1 1015 -1062
2 1541 -1538
2,3,1* 2,11,1 3 1240 -1272
4 717 - 733
0 758 - 758 0 818 - 748
1 436 - 492 4 547 - 538 3,7,1
3 1463 -1384
3 765 - 751 2,13,1 1 403 ' 305
6 452 • —  432 3 520 - 569
0 930 -1173
2,4,1 1 568 649 3,8,1
2 868 - 919 :
0 1610 1813 1 629 - 651
2 965 - 858 2,15,1 2 393. - 148
3 717 - 775 4 470 - 416
4 447 355 0 478 - 498
3,9,1
2,5,1* 3,0,1
1 1149 -1027
0 .400 398 2 2433 -2403 2 709 . 599
1 268 *205 4 643 - 754 • 4 438 486
2 832 - 745 6 485 - 490 6 • 493 507
3 1960 -1810
4 . 813 • - 745 3,1,1 3,10,1
3 779 - 868
1 1638 -1730 1 ‘ 567 - 529
' 2,6,1 2 1486 1383 3 521 - 773
4 376 - 355
0 335 - 310 5 429 - 420 3,11,1
1 480 - 460
2 284 - 244. . 3,2,1 1 396 - 508
4 361 368 2 900 873
2 538 - 323
2,7,1 3 336 323 3,12,1
4 1079 -1098
0 976 - 937 5 421 - 252 1 584 - 647
1 1387 -1362 6 951 - 895 3 417 - 470
2 1785 -1678 • 4 505 - 382
3 1125 -1039 3,3,1* * ’
4 74-5 - 684 3,14,1-
5 577 - 600 1 849 “ ■797
2 541 521 1 665 - 819
3 1687 -1770
4 326 324
4,0,L 4,8, L 5,4,L
0 2735 -2780 0 1153 -1095 1 546 504
2 13 88 -1384 2 618 - 810 3 747 710
4 1203 -1216 5 584 503 4 813 793
4,1,L 4,9,L 5,5,L
0 1586 1539 0 431 317 1 923 -1001
1 1629 1754 2 913 979
2 1654 - 1638 4,10,L .3 705 - 758
3 705 . - 651 4 352 275
1 397 588
4,2,L 2 659 - 623 5,6 ,l
3 544 445
0 4530 -4298 1 802 763
1 1080 -1182 4,11,L 4 841 897
2 1484 -1505 •
3 66? 690 2 464 - 359 5,7,L
4 607 - 512 3 580 572
3 537 - 573 1 1156 -1246
4,12,L 2 623 643
4,3,4 3 1222 -1246
2 403 - 416 5 513 - 524
1 ■ 2058 -2010-
3 1006 - 990 4V14,L 5,8,L
3 405 - 58
0 551 - 520 1 919 902
4,4, L 3 448 320 2 503 272
0 641 - 605 4,15,L 5,9,1.
1 956 1043
2 1277 -1363 0 463 - 461 1 664 — 696
3 679 659 2 342 - 61
7 479 -373 5,0,L 3 692 • - 723
4 . 517 472
4,5,L 2 I9IO -1834
4 524 - 639 5,10,L
0 321 338 6 681 . 806 '
1 940 - 983 1 • 548 466
2 669 725 5,1,L
4 *350 - 410
5 381 315 1 2044 -2181
2; 1366 1300 1 506 - 552
4,6, L 3 714 - 750 2 641 699
4 • 763 858
0 665 628 5,12,1.
1 346 - 509 5,2,L
2 1328 -1328 1 656 690
3 1318 1190 1 2312 2367
4 '733 - 707 2 761 470 6,0, L
4 433 463
4,7,L 6 552 518 ' 0 1275 -1192
2 1325 -'1348
0 484 - 498 5,3,L 4 536 585
1 307 - 312 6 463 460
4 496 - 398 3 1014 -1041
4 644 708
6,1,L
0 1272 1162
1 794 727
3 . 683 619
4 4-22 - 4-53
3 707 786
6,2,L
0 732 660
1 979 -1067
2 594 . 626
6,3,1*
0 1032 - 894-
1 701 599
3 '734 731
3 1024 987
7 666 563
6,4,L
0 2034- -1788
1 • 370 504-
2 671 - 701
4 349 - 4-31
3 391 310
6,5,1*
0 586 ' - 738
2 878 923
3 980 904
4 4-13 499
5 785 736
7 534 368.
6,6 ,L
1 677 - 643
2 584- - 558
3 447 475
6,7,l
0 64-1 676
2 511 545
3 1101 1078
5 645 ■ 605
6,8 ,L
1 ’ 501 530
2 690 - 679
4 499 - 419
6,9,L
0 1860 1775
2 1128 1270
3 580 588
6,11, L
0 1285 1214
2 782 858
6,13,l
0 1163 1145
2 ' 482 319
4 431 368
7,0,L
2 2638 -2545
6 1140 1.369
7,1, L
1 818 - 781
2 912 876
3 • 314 265
4 338 - 390
5 691 648
7,2,L '
1 785 - 841
2 495 433
3 799 - 830
4 1049 1069
6 . 455 476
7,3,1*
1 • 727. 835
2 665 - 649
5 526- 487
7,4,L
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